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This thesis describes the synthesis and characterization of group 13 (boron and aluminum) 
and group 14 (silicon, germanium, and tin) complexes supported by chelating formazanate               
[R1-N-N=C(R3)-N=N-R5]‒ ligands. The resulting complexes are redox-active and often 
luminescent. Chapters two to four describe the synthesis and characterization of boron 
formazanate adducts. The work in these chapters demonstrates that through structural 
modification of the formazanate ligand, solid-state- and NIR photoluminescence can be 
achieved. Furthermore, the formation of an oxoborane (B=O) afforded a highly 
photoluminescent formazanate adduct due to the structural rigidity imposed by the B=O 
bond. These results highlight the potential of boron complexes of formazanate ligands as 
promising candidates for use in light-emitting technologies and as dyes for cell imaging 
studies. In addition, the turn on photoluminescence induced by B=O bond formation 
represents an innovative design criterion for the realization of unprecedented functional 
molecular materials. 
Chapter five describes the synthesis and characterization of a family of aluminum 
formazanate complexes supported by phosphine oxide donors. The above-mentioned 
complexes were redox-active and strongly absorbing in the visible region. One derivative 
was photoluminescent and its electrochemiluminescence properties were examined. The 
results in this chapter demonstrate the potential of six-coordinate aluminum formazanate 
complexes as redox-active and/or luminescent functional materials.  
Lastly, the redox-active nature of the formazanate ligand was exploited in chapter six. This 
chapter describes the synthesis of group 14 formazanate complexes and their conversion to 
stable radicals via chemical reduction. The radicals were stabilized by geometric and 
electronic effects, due to the square-pyramidal coordination geometry adopted by the group 
14 atom within the heteroatom-rich framework of the formazanate ligand. The results 
presented in this chapter demonstrate that stable radicals can be realized through judicious 





Combined, this work demonstrates the utility of formazanates as a versatile ligand 
framework which can be used to support group 13 and 14 elements in different coordination 
geometries (e.g., trigonal planar, tetrahedral, square-pyramidal, and octahedral). Furthermore, 
owing to the optoelectronic properties of the resulting complexes, main-group formazanate 
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Summary for Lay Audience 
This thesis describes the preparation and characterization of new compounds which can 
absorb and emit different colours of light. These compounds can also store electrical charge 
carriers (electrons) and subsequently donate them under the appropriate conditions. The 
combination of these two traits affords materials with potential application in organic 
electronics and biological imaging. Chapters two to five explored structure-property 
relationships of these types of compounds to better understand their properties from a 
fundamental point-of-view. Structural modification of these compounds afforded materials 
that emitted light in solution or in the solid state. The latter is highly desirable in the field of 
organic electronics, where materials that emit light in the solid state can be used in display 
technologies such as organic light-emitting diodes (OLEDs) found in television and cell 
phone displays. Further structural modification of these compounds afforded highly emissive 
materials due to the incorporation of a fragment which increased the rigidity of the molecule, 
as well as molecules that emitted light in the near-infrared (NIR) region. Emission in the NIR 
region is particularly desirable for biological imaging applications due to minimal 
interference from biological tissue in this region. Chapter six describes the synthesis and 
characterization of highly reactive species called radicals. Radicals are reactive because they 
contain one or more unpaired electron(s). These molecules were stabilized by effectively 
spreading out the unpaired electron across the entire molecule as opposed to protecting it 
with bulky groups. This result is important and demonstrates that through careful design, 
highly reactive species can be stabilized. Combined this work demonstrates that interesting 
and desirable properties can be realized through judicious molecular design. The materials 
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Sections of this chapter have been adapted from: 
1. Maar, R. R.; Gilroy, J. B. Chem. Eur. J. 2018, 24, 12449‒12457. 
The synthesis of compounds containing main-group elements has been a central theme in 
inorganic chemistry and has led to a plethora of compounds which possess unique 
structure, bonding, and reactivity.[1] In recent times, this research area has evolved from a 
purely fundamental discipline, to one that has been applied towards bond-[2] and small-
molecule activation,[3] catalysis,[4] and for the development of functional materials that 
display unique optoelectronic properties.[5] In the context of optoelectronic materials 
design, main-group elements are often incorporated into π-conjugated organic molecules. 
This typically results in materials which are complimentary to organic materials, but, in 
some cases, drastically alters the properties of these compounds due to the different 
structural and electronic features afforded by main-group elements.[6-7] One area where 
main-group containing π-conjugated materials have experienced tremendous growth over 
the past 20 years has been in the design of luminescent and redox-active materials.  
1.1 Luminescent Materials 
The emission of light, known as luminescence, is a process displayed by organic and 
inorganic substances and occurs from electronically excited states. For luminescence to 
occur, electrons must be promoted (excited) from the ground state to an electronic excited 
state. Luminescent processes are classified according the mode of excitation, and selected 
examples are shown in Table 1.1.[8] Photoluminescence (PL) is a form of luminescence 
which occurs due to the absorption of photons. The excitation, de-excitation (relaxation), 
and other processes associated with PL can be seen in the Jablonski diagram (Figure 
1.1).[9] The absorption of light is essentially an instantaneous process (10‒15 s). Once in 
the electronic excited state, there are several mechanisms capable of dissipating the 
excited state energy. Vibrational relaxation is a fast (10‒14‒10‒11 s), non-radiative  
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Table 1.1. Selected examples of luminescence. 
Form of luminescence Mode of excitation 
Photoluminescence Absorption of light (photons) 
Electroluminescence Electric field  
Chemiluminescence Chemical reaction 
Electrochemiluminescence Redox reaction 
Bioluminescence Biochemical process 
 
relaxation pathway which results in changes in the molecular geometry and occurs 
between vibrational levels within the same electronic excited state. If the vibrational 
levels of two electronic states overlap sufficiently, vibrational relaxation between 
electronic states can occur. This process is known as internal conversion and is also a fast 
(10‒12‒10‒6 s) non-radiative relaxation pathway. Relaxation processes which produce 
light are fluorescence and phosphorescence. Fluorescence typically occurs from the 
lowest-energy excited state (S1) where the electron possesses the same spin multiplicity 
as in the ground state and often requires 10‒9‒10‒6 s. For phosphorescence to occur, the 
electron must undergo a spin flip to the triplet state (T1). This process is known as 
intersystem crossing (ISC) and is spin-forbidden. Once in T1, the electron relaxes down 
to the ground state and undergoes a second spin flip. Due to the spin-forbidden nature of 
ISC and phosphorescence, these processes are slower (10‒6‒100 s) than fluorescence and 
are more susceptible to processes that deactivate the excited state through non-radiative 
pathways. Inspection of the Jablonski diagram reveals that the energy of fluorescence and 
phosphorescence are typically less than absorption. As a result, fluorescence and 
phosphorescence occur at longer wavelengths than absorption. The difference between 
the wavelength of maximum absorbance (λmax) and wavelength of maximum PL (λPL) is 
known as the Stokes Shift (ST). The efficiency of radiative decay can be quantified by 
the PL quantum yield (ΦPL), which is number of photons emitted relative to the number 




Figure 1.1. Jablonski diagram illustrating the radiative (solid coloured lines) and non-
radiative (dashed coloured lines) pathways and the average timescale associated with 
each process. 
 
Luminescence is often encountered in nature.[10-11] Plant leaves and fruits photoluminesce 
red light due to the presence of chlorophyll-a (Figure 1.2).[12] Numerous examples of 
luminescent terrestrial and marine animals have also been discovered including birds,[13] 
spiders,[14] chameleons,[15] frogs,[16] fish,[17] scorpions,[18] coral,[19] turtles,[20], and jellyfish 
(Figure 1.2).[21-22] Organisms luminesce for a variety reasons including for 
camouflage,[23] communication,[13-14] attracting mates[24] and for attacking prey and 
defensive purposes.[25] Compounds 1.1‒1.3 are some examples of luminophores that are 
present in animals. Kuse and co-workers isolated pterin derivative 1.1 and demonstrated 
that is was the molecule responsible for luminescence from a millipede.[26] -carboline 
(1.2) was identified as the luminophore present in the common striped scorpion 
Centruroides vittatus which gave it its blue colour under UV irradiation.[27] The most 
famous example luminogen found in nature is the green fluorescent protein (GFP). 
Compound 1.3 (R1 and R2 = amino acids) is the chromophore in GFP. On its own, this 



























Vibrational relaxation (10‒13 ‒10‒12 s)
Fluorescence (10‒9 ‒10‒6 s)
Phosphorescence (10‒6 ‒100 s)
Vibrational states
Energy state
Internal conversion (10‒12 ‒10‒6 s)
Intersystem crossing (10‒10 ‒10‒8 s)
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protein, it becomes fluorescent.[28] The green fluorescent protein is recognized as one of 
the most useful tools in modern biology and medicine.[22, 29] Osamu Shimomura, Martin 
Chalfie, and Roger Tsien were awarded the Nobel Prize in Chemistry in 2008 “for the 
discovery and development of the green fluorescent protein.” 
 
  
Figure 1.2. a) Images of a leaf under white (left) and UV (right) light. b) Chameleon 
(Bradypodion transvaalense) under UV illumination. c) Fluorescence from an adult male 
tree frog (Hypsiboas punctatus). d) Luminescence from a swell shark (Cephaloscyllium 
ventriosum) under UV irradiation. e) Fluorescence from the striped scorpion 
(Cenfruroides vittafus). Images were adapted with permission from Refs. [11], [15]‒[18], 
respectively. 
 
To highlight the tremendous importance of light to humankind, the United Nations 
proclaimed 2015 as the International Year of Light. As part of this initiative, significant 
contributions and emerging applications of light-based science were also recognized. 
Luminescent materials are an indispensable component of everyday life. They are used in 
organic electronics as display technologies (e.g., OLEDs),[30] and as chemical sensing 





Furthermore, luminescent materials have become an indispensable tool for medical 
applications.[34] In this context, they are commonly used for visualization[35] and enable 
surgeons to better locate cancerous tissue and remove tumors from patients.[36] 
1.2 Redox-Active Ligands 
The development of redox-active ligands has received increasing interest from the 
scientific community, particularly in the area of catalysis.[37-38] Here, many of the state-
of-the-art catalysts are based on precious metals such as rhodium, indium, and platinum. 
Due to the scarcity and cost of these precious metals, the development of catalysts based 
on inexpensive and Earth-abundant alternatives such as those based on first-row 
transition metals (e.g., iron) remains a long-sought after goal.[39-40] However, due to 
differences in reactivities, this is not a trivial task. A promising method to overcome this 
obstacle is by modifying the supporting ligands to achieve the desired reactivity. In this 
regard, redox-active ligands have emerged as a viable solution as they possess more 
energetically accessible levels compared to metal-centred orbitals which enable them to 
change their redox state.[41]  
Nature uses redox-active ligands for a variety of chemical transformations and in 
catalysis. One of the most famous examples is the family of enzymes known as the 
cytochrome P450s (e.g., 1.4).[42] These enzymes have been identified in all forms of 
life[43] and are responsible for 75% of all drug metabolism in humans.[44] From a synthetic 
standpoint, a significant amount of effort has been invested into these systems as they are 
capable of hydroxylating unactivated C-H bonds. The species thought to be responsible 
for these oxidations is a highly reactive intermediate known as P450 compound I (P450-
I), however, because of the inability of researchers to “see P450-I in action”, its role as 
the active hydroxylating agent was questioned. To overcome this Green and co-workers 
isolated P450-I (1.5) and confirmed that it is an Fe(IV)oxo species where the second 
electron is delocalized over the porphyrin ligand.[45] Furthermore, they demonstrated that 
1.5 is the active hydroxylating agent and readily converts hydrocarbons to alcohols via a 
two-electron process, in which the redox equivalents are supplied by the Fe(IV) centre 




Due to the importance and diverse applications afforded by luminescent and redox-active 
materials described above, there is constant desire to design new and improved examples 
of both types of compounds. While many examples are luminescent or redox-active, 
relatively few classes of compounds which exhibit both properties are known. In this 
context, the use of multidentate chelating N-donor ligands such as dipyrrinates, aza-
dipyrrinates, -diketiminates, and salen ligands bonded to main-group elements can 
produce luminescent and/or redox-active materials. Furthermore, these ligand 
frameworks can be synthetically modified to stabilize main-group elements using a 
combination of sterically demanding substituents and bidentate or tetradentate chelation 
modes. The following sections will highlight examples of group 13 (boron and 
aluminum) and group 14 (silicon, germanium, and tin) elements supported by bidentate 
nitrogen or tetradentate (N2O2n‒) ligands derived from dipyrrins, aza-dipyrrins, -




1.3 Group 13 and 14 Complexes of Bidentate Nitrogen 
Donor Ligands and Tetradentate N2O2n‒ Ligands 
Boron difluoride (BF2) complexes of dipyrrinate ligands, more commonly known as 
BODIPYs (1.5) are amongst the most well-known main-group complexes of N-donor 
ligands.[46-49] The first example of a BODIPY was synthesized in 1968 by Treibs and 
Kreuzer.[50] The authors described the intense luminescence from these complexes and 
this class of dye has been thoroughly explored for applications where light emission is 
required (see section 1.4). BODIPYs feature numerous beneficial properties including 
large molar extinction coefficients (ε), narrow absorption and PL bands and typically 
high ΦPL. Moreover, BODIPYs are redox-active and can be electrochemically oxidized 
and reduced.[46] 
Despite the abovementioned benefits, BODIPYs do have some limitations. Firstly, many 
synthetic routes to access these compounds are tedious and often low yielding. In terms 
of their spectroscopic properties, most derivatives absorb at wavelengths of less than   
600 nm, exhibit relatively small Stokes shifts, and are often weakly or non-luminescent in 
the solid-state due to the planar nature of the molecule which enables π-π type 
interactions that quench PL through non-radiative pathways.[49] Furthermore, due to their 
hydrophobic nature, most BODIPYs are poorly soluble in aqueous media. While 
methodologies do exist to improve the water solubility, they often require multi-step 
synthetic protocols to access these compounds making them more difficult and time-
consuming to produce. Other examples of BODIPY dyes have focused on replacing the 
fluorine atoms for    halo-,[51] alkoxy-,[52] aryl-[53], and alkynyl-[54] substituents to improve 
the photostability of this class of compound.  
Due to some of the limitations listed above, researchers continue to design new π-
conjugated fluorophores. Replacement of the meso-carbon atom in the BODIPY 
framework with a nitrogen atom affords an aza-BODIPY such as 1.6.[55] The greater 
electronegativity of nitrogen relative to carbon lowers the energy of the LUMO, which 
results in red-shifted absorption and PL spectra of aza-BODIPYs relative to the parent 
BODIPYs.[56]   
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Compared to BODIPYs, the coordination chemistry involving dipyrrinate ligands and 
other group 13 and 14 elements has received much less attention. The Mason group 
synthesized a family of alkyl-, aryl-, and hydrido-substituted aluminum dipyrrinates.[57] 
The authors commented that, with the exception of the hydrido complex, all compounds 
were air- and moisture-stable due to the presence of the bulky mesityl substituents but did 
not comment on the photophysical properties of these complexes. Germanium dipyrrinate 
1.10, which possesses a terminal Ge-Cl bond, was shown to be stable to both air and 
moisture.[58] Despite the observed stability, treatment of 1.10 with CsF afforded the 
fluoro-substituted derivative 1.11 in near quantitative yield. Both molecules were weakly 
photoluminescent (ΦPL < 1%) within the visible region with λPL values of 538 nm (1.10) 
and 555 nm (1.11). Bidentate Sn(II) dipyrrinates 1.12 and 1.13 were strongly absorbing 
with ε values of 85,400 M‒1 cm‒1 and 64,600 M‒1 cm‒1 and displayed ΦPL of 4% and 
42%, respectively.[59]  
 
The use of tetradentate N2O2n‒ ligands in main-group coordination chemistry affords 
opportunities to exploit the chelate effect and often results in the formation of robust 
complexes. The first boron complex of an N2O23‒ dipyrrinate complex (1.14) was 
synthesized by Burgess and co-workers in 1999.[60] They postulated that by chelating the 
two oxygen atoms to the boron centre, a more robust compound with enhanced properties 
(e.g., increased ΦPL) could be produced. Complex 1.14 features red-shifted absorption 
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(λmax = 630 nm)  and PL (λPL = 654 nm) relative to complex 1.15 (λmax = 550 nm, λPL =  
597 nm) which features a bidentate chelation mode (Table 1.2.). Moreover, the PL 
quantum yield of complex 1.14 (ΦPL = 41%) is approximately six times larger than that 
of complex 1.15 (ΦPL = 7%) indicating that the increased structural rigidity of 1.14 leads 
to a higher ΦPL. Recently compound 1.16[61] was prepared and exhibits interesting 
chiroptical properties which may encourage the development of future generations of 
organic dyes for emerging applications involving these technologies such as in 3D-
displays, information storage technologies, and in spintronics-based devices.[62]  
 
 
Table 1.2. Summary of absorption and PL data for complexes 1.14‒1.16 in CHCl3.[60-61] 
 
The first examples of N2O2 aluminum dipyrrinates (e.g., 1.17) were synthesized in 
2009.[63] Complex 1.17 benefits from enhanced rigidity and planarity relative to the 
parent dipyrrin and as a result, was photoluminescent (λPL = 650 nm) with a ΦPL of 23%. 
The authors hypothesized that they could utilize the lone pairs on the oxygen atoms of the 
N2O2 binding pocket to chelate metal ions. In this context, complex 1.17 was mixed with 
ZnCl2 in CHCl3/CH3OH. Removal of the solvent afforded a dark purple microcrystalline 
solid. An X-ray crystallographic analysis revealed the structure to be complex 1.18. 
Complex 1.18 was photoluminescent with a λPL of 630 nm and a higher ΦPL (55%) 
Complex λmax (nm) ε (M‒1 cm‒1) λPL (nm) ΦPL (%) 
1.14 630 34,500 654 41 
1.15 550 46,000 597 7 
1.16 615 49,000 635 74 
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relative to complex 1.17. The latter was attributed to the increased structural rigidity of 
complex 1.18 relative to 1.17 due to chelation of Zn.  
 
The first silicon-containing dipyrrinates, complexes 1.19 and 1.20, were prepared in 
2011.[64] Incorporation of silicon was expected to affect the photophysics of these 
systems, as well as to exhibit different reactivity. The authors demonstrated that silanol 
1.19 could be converted to disiloxane 1.20 by refluxing in anhydrous hexane. Conversion 
from the silanol to the disiloxane was accompanied by a decrease in the ΦPL from 81% to 
40%, respectively. Building on these results, the same group aimed to explore how the 
identity of the group 14 element affected the photophysical properties. They prepared a 
series of group 14 dipyrrinate complexes by reacting the parent dipyrrin with the 




Scheme 1.1. Synthesis of group 14 dipyrrinate complexes. 
The absorption and PL properties of complexes 1.21‒1.23 are shown in Table 1.3. 
Complexes 1.21‒1.23 are strongly absorbing with molar extinction coefficients ranging 
from 35,000 to 44,000 M‒1 cm‒1 and λmax values between 612 nm and 637 nm. Moreover, 
the same compounds were photoluminescent with λPL values between 650 nm and       
675 nm. The ΦPL of complexes 1.21‒1.23 increased with increasing size of the group 14 
element from 3% (1.21, E = Si) to 12% (1.22, E = Ge), to 22% (1.23, E = Sn). The 
authors proposed that as the size of the group 14 element increased, there is a greater 
restriction of intramolecular motion associated with the mesityl substituent. As a result of 
this restricted motion, non-radiative decay pathways are attenuated and an enhanced ΦPL 
is realized. 
 
Table 1.3. Absorption and PL data for complexes 1.21‒1.23 in CHCl3.[65]  
 
Dipyrrinate ligands are predominately used to realize molecules with interesting optical 
(i.e., photoluminescent) properties. On the other hand, -diketiminate ligands[66] have 
been extensively studied for the stabilization of a variety of transition metal and main-
group coordination compounds.[67-68] These systems have received such attention because 
they can typically be prepared easily, and the steric and electronic environments of these 
Complex λmax (nm) ε (M‒1 cm‒1) λPL (nm) ΦPL (%) 
1.21 (E = Si) 612 44,000 650 3 
1.22 (E = Ge) 620 35,000 675 12 
1.23 (E = Sn) 637 42,000 664 22 
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ligands are tunable through structural variation at the N-aryl substituents. The apparent 
absence of N2O2n‒ -diketminate ligands in the literature presumably relates to synthetic 
difficulties.[69]  
BF2 -diketiminate 1.24 was prepared in 85% by heating the appropriate -diketimine 
with BF3•OEt2.[70] This molecule could be electrochemically oxidized and reduced and 
was strongly absorbing in the visible region (λmax = 353 nm, ε = 27,4000 M‒1 cm‒1). 
Unfortunately, it was weakly photoluminescent in solution. BF -diketiminate 1.25 was 
synthesized by reducing the parent BF2 complex.[71] Computational analysis predicted 
that the unpaired electron was predominantly located on the ligand backbone, but 
reactivity studies with oxygen-containing reagents demonstrated that this molecule 
behaves as a boryl radical.  
-diketiminates have also been used to stabilize a variety compounds that feature boron 
chalogen multiple bonds. The first example of an isolable oxoborane (B=O) was reported 
in 2006 and was stabilized by a bulky -diketiminate ligand.[72] This molecule, complex 
1.26, featured a remarkably short BO bond length of 1.304(2) Å which was indicative of 
a boron-oxygen double bond and this conclusion was supported computationally. 
Building on these results, the Cui group used bulky -diketiminate ligands to realize 
thioxo- and selenoxoboranes 1.27 and 1.28, respectively.[73] A combination of 
spectroscopic, X-ray crystallographic, and computational data supported the formation of 
a B=E (E = S or Se) bond.  The same group also prepared anionic oxoboranes stabilized 




-diketiminate ligands are often used to stabilize aluminum atoms in low oxidation states 
(e.g., +1) and are promising candidates for use in bond activation[75-76] whereas 
aluminum(III) complexes of -diketiminates (e.g., 1.29) are more commonly used in 
catalysis[77] Because these types of reactions and applications are not relevant to the 
remainder of this thesis, they will not be discussed further. The Jones group synthesized 
germanium(I) -diketiminate complex 1.30 via chemical reduction using sodium 
naphthalenide.[78] The assignment of a germanium centred radical was supported by 
crystallographic, spectroscopic, computation, and reactivity studies. Replacement of the 
tert-butyl groups with phenyl substituents followed by chemical reduction results in the 
formation of a ligand-centred radical as seen in complex 1.31.[79]   
 
Complex 1.32 represents first example of a silicon(II) -diketiminate complex and was 
reported in 2006.[80] This molecule was isolated as the kinetic product and slowly 
isomerized at ambient temperature to the thermodynamic product, complex 1.33. 
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Complexes 1.34 and 1.35 have also been reported in the literature.[81] Due to its ease of 
preparation, complex 1.35 was selected for further reactivity studies and underwent 
substitution reactions with different nucleophiles to afford alkyl-, triflate-, and azide-
substituted derivatives. More recent efforts have focused on modifying the electronic 
properties of the -diketiminate ligand scaffold.[82] This was accomplished by 
incorporating electron-donating dimethylamino groups to afford N--diketiminates 
followed by complexation with SnCl2 to afford complex 1.36. Unfortunately, the bulky 
Dipp substituents cause the dimethylamino groups to twist relative to the -diketiminate 
backbone resulting in less efficient π-orbital overlap and a lesser degree of electronic 
conjugation.  
 
Transition metal and main-group salen complexes have been extensively examined as 
ligands for homogenous catalysis[83-87] and, to a lesser extent, photoluminescent 
molecular materials.[88-89] Boron complexes of salen ligands do not form N2O2 chelates, 
instead, they produce N,O chelates as evidenced by complexes 1.37[90] and 1.38.[91] This 
behaviour is attributed to the small size of the boron atom and its desire to be four-
coordinate with a tetrahedral geometry. These molecules are often strongly absorbing and 
possess moderate to excellent ΦPL (Table 1.4). Aluminum salen complexes are typically 
five- or six-coordinate with the salen ligand occupying the equatorial positions. 
Typically, halide or alkyl groups occupy the axial positions as shown by complexes 
1.39[92] and 1.40[93] and these serve as a reactive handle which may undergo further 
functionalization. The strong absorption and PL profiles of these types of complexes 
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makes them attractive candidates for applications including as components of OLEDs 
(see section 1.4.1). Group 14 complexes of salen ligands such as complex 1.41[94] have 
received considerably less attention compared to their group 13 analogues and many of 
these examples have focused on their use in catalysis. This presumably relates to the fact 
that these molecules often do not display useful photophysical properties (e.g., PL) or are 
less strongly absorbing compared to their group 13 counterparts.  
 
Table 1.4. Optical properties for complexes 1.37‒1.41.[90-94] 
1.4 Applications 
Owing to their interesting optical and electrochemical features, a variety of group 13 and 
14 complexes supported by bidentate nitrogen and tetradentate N2O2n‒ ligands have 
Complex λmax (nm) ε (M‒1 cm‒1) λPL (nm) ΦPL (%) 
1.37a 354 32,700 442 17 
1.38a 434 90,000 510 56 
1.39b 595 59,800 643 42 
1.40c 348 13,800 459 3 
1.41d 351 13,600 ‒ ‒ 




received attention for use in organic electronics, chemical sensing, biomedical 
applications and for electrochemiluminescent emitters.  
1.4.1 Organic Electronics 
BODIPYs have been used as batteries,[95-96] solar cells,[97-100] and in light-emitting 
diodes.[101-103] In the context of solar cells, the horizontal and vertical design strategies are 
the two most common methods used to realize BODIPY-based dye-sensitized solar cells. 
These two strategies along with the typical device architecture are shown in Figure 1.3. 
The vertical and horizontal design strategies differ based on the position of the donor (D) 
and acceptor (A) groups as seen in Figure 1.3a. 
 
Figure 1.3. a) Vertical and horizontal design strategies and b) Representative device 
architecture for a BODIPY-based dye-sensitized solar cell. Figure b was adapted from 
Ref. [104] with permission. 
 
Using the vertical design strategy, Akkaya and co-workers synthesized complex 1.42.[104] 
This molecule is strongly absorbing (ε = 69,500 M‒1 cm‒1) throughout the entire visible 
region with a λmax of 700 nm. Complex 1.42 also featured a relatively small HOMO-
LUMO gap of 1.57 eV and a power conversion efficiency, a measure of the solar-to-
electrical energy conversion, of 1.7% which was the best reported for a BODIPY dye-
sensitized solar cell at that time. Complex 1.43 represents an example of a BODIPY dye 
based on the horizontal design strategy and features strong absorption properties in the 












of 1.93 eV which is larger than complex 1.42. Despite this, complex 1.43 featured a 
significantly higher power conversion efficiency of 6.3%.  
 
Boron complex 1.44,[106] is well suited as a donor material for a solar cell as it possesses 
exceptional light harvesting capability with extinction coefficients near 1 × 105 M‒1 cm‒1 
and broad absorption bands spanning most of the visible region, including the NIR region 
(Figure 1.4). As a result of its impressive optical properties, complex 1.44 was 
incorporated into a planar heterojunction solar cell.[100] Triplicate analysis of the devices 
revealed several important characteristics, including high open circuit voltages of ~0.8 V, 
photocurrent generation up to 850 nm, fill factors of 0.56, and maximum power 
conversion efficiency of 2.6%, the highest value reported for planar heterojunction solar 




Figure 1.4. BODIPY 1.44 (left), its thin-film UV-vis absorption spectrum (centre), and 
device architecture of a planar heterojunction solar cell incorporating BODIPY 1.44 
(right). Figure adapted from Ref. [100] with permission. 
 
BODIPY-based systems have also been used as the active layer in OLEDs. Complex 1.45 
featured solution and thin-film λPL values of 605 nm and 609 nm and ΦPL of 97% and 
17%, respectively.[107] PL decay measurements revealed nanosecond lifetimes for 
solution and thin-film samples, which suggests fluorescence is the mechanism of PL. The 
authors prepared an OLED device from complex 1.45, which featured a strong 
electroluminescence band centred at 602 nm (Figure 1.5). Further analysis of the device 
revealed important characteristics including a maximum brightness of 6579 cd m‒2 at    
15 V, a luminance efficiency of 2.26 cd A‒1, and an external quantum efficiency of 1.2%. 
The latter term represents the ratio of number of photons emitted by the OLED to the 
number of electrons injected. 
 
Figure 1.5. BODIPY 1.45 (left) and its electroluminescence spectrum (right). Figure 










Do and co-workers synthesized heterodinuclear complex 1.46 which combines the 
beneficial photophysical properties of aluminum salen complexes with those of 
octahedral, cationic iridium(III) complexes.[103] Complex 1.46 possessed two intense PL 
bands in solution due to fluorescence from the aluminum salen complex and 
phosphorescence from the iridium complex. These maxima were centred at 475 nm and 
596 nm with lifetimes of less than 10 ns and 196 ns, respectively. In the solid state, a 
single PL maximum at 583 nm was observed, suggesting highly efficient energy transfer. 
An OLED was prepared using complex 1.46 as the emitting layer (Figure 1.6). Analysis 
of the device revealed a maximum brightness of 1002 cd m‒2 at 10.8 V, a luminance 
efficiency of 1.8 cd A‒1, and an external quantum efficiency of 1.0%. 
 
Figure 1.6. Aluminum salen 1.46 (ppy = 2-phenylpyridine, left) and its 
electroluminescence spectra at 10 mA cm‒2 (blue line), 20 mA cm‒2  (red line), 50 mA 
cm‒2  (black line), and 100 mA cm‒2  (grey line). The OLED architecture and working 
device are shown as the left and right insets, respectively. Figure adapted from Ref. [103] 
with permission. 
 
1.4.2 Sensing  
As a result of their strong absorption and PL properties, BODIPYs are routinely used as 
chemical sensing agents.[108] They have been used to detect a variety of small molecules 
(e.g., phosgene,[109] CO,[110] and NO[111]), anions,[112-113] changes in viscosity[114] and 
pH,[115-116] and for sulfur-containing species including biologically relevant thiols[117] and 













physiological functions including hypertension, pain perception, and inflammation.[119] 
The lack of readily available methods for the quantification of hydrogen sulfide in 
biological systems has limited advances in the field. To overcome this limitation a 
luminescent BODIPY-based sensor for the detection of hydrogen sulfide was developed 
(Scheme 1.2).[118] BODIPY 1.47 possesses an aromatic group with an aldehyde and a , 
-unsaturated ester ortho to one another. Reaction with either Na2S or H2S afforded 
cyclic BODIPY 1.48 and resulted in a 13-fold increase in PL intensity in a cellular 
environment (Figure 1.7a). Furthermore, the authors demonstrated that BODIPY 1.47 can 
react with biologically relevant thiol sources such as glutathione and cysteine which also 
lead to a drastic increase in PL intensity in cells (Figure 1.7b,c). 
 
Scheme 1.2. Conversion of BODIPY 1.47 to 1.48 upon treatment with sulfide sources. 
 
 
Figure 1.7. Confocal fluorescence micrographs of BODIPY 1.47 (2 µM) with 100 µM of 
a) Na2S, b) glutathione, and c) cysteine. The scale bar represents a) 20 µm and b), c)      





Organophosphate nerve agents such as Sarin pose a significant threat to civilian safety. 
These types of molecules irreversibly bind to the catalytic site of acetylcholinesterase, an 
enzyme that hydrolyzes the neurotransmitter acetylcholine, and can potentially result in 
death.[120] Detection of these species are complicated by rapid degradation, often to 
related toxic species that require further functionalization prior to analysis. A solution to 
this issue was recently addressed by using the versatile coordination chemistry of N2O2 
aluminum salen complexes in combination with mass spectrometry.[121] Treatment of 
complex 1.48 with water led to the formation of complex 1.49, which could be 
transformed to complex 1.50, the key species used to detect the nerve agent, by stirring 
with ammonium acetate. With compound 1.50 in hand, the authors showed the oxygen 
lone pair of the nerve agent coordinated to the aluminum centre and that the resulting 
complex (1.51) could be rapidly identified using ESI-MS therefore avoiding hazardous 
and time-consuming functionalization methods.  
 
Scheme 1.3. Reaction pathway for the production of a five-coordinate aluminum adduct 
of Sarin allowing for its detection by ESI-MS. 
 
The host-guest chemistry of crown ethers has fascinated supramolecular chemists for 
decades and prompted many studies of the relationship between structure and cation 
binding specificity.[122] Nabeshima’s research team developed octahedral aluminum 
complexes 1.52 and 1.53 supported by N2O2 dipyrrinate ligands.[123] Upon coordination 
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of aluminum, these molecules were capable of binding alkaline earth metals (M2+) to 
afford a host-guest complexes 1.52•M2+ and 1.53•M2+ according to Scheme 1.4. 
Complexes 1.52 and 1.53 had higher affinities for Ca2+ and Sr2+ compared to classical 
crown ethers such as 1.54 (Table 1.5).[124] As a result of their rigidity, these molecules 
were strongly absorbing and underwent colourimetric changes which could be monitored 
using UV-vis absorption spectroscopy.  
  
Scheme 1.4. Host-guest chemistry of complexes 1.52 and 1.53 compared to classical 
crown ether 1.54. 
 
Table 1.5. Binding constants for the interactions between complexes 1.52‒1.54 and 
alkaline earth metals expressed as log Ka.[123-124] 
M2+ 1.52[123] 1.53[123] 1.54[124] 
Mg2+ 2.7a 2.8a 3.6c  
Ca2+ 7.0a > 7b 4.3c 
Sr2+ 5.8a > 7b 5.6c 
Ba2+ 5.3a 6.4b 7.2c 





1.4.3 Biomedical Applications 
BODIPYs have been used in a biomedical applications involving the visualization[125-126] 
and treatment of diseases such as cancer.[127] In terms of visualization, BODIPY dyes 
have been thoroughly explored as a result of their often exceptional photophysical 
properties. Moreover, BODIPYs are typically small, neutral species which do not impact 
cellular function when they are incorporated into the cell.[125] Additionally, BODIPYs 
may be structurally modified to localize in different parts of the cell (e.g., cytoplasm),[128] 
to target specific cells (e.g., cancer),[115] and to photoluminesce different colours of light. 
A series multi-coloured BODIPYs bearing terminal azide functional groups (1.54‒1.56) 
were recently prepared and could undergo a further reaction with compound 1.57 which 
specifically targets the mitochondria.[129] The reaction was clean and rapid, allowing the 
mitochondria to be visualized within 30 min using confocal microscopy (Figure 1.5). 
There is a push to develop new dyes capable of NIR absorption and PL.[130-132] This is 
driven by the fact that NIR light can penetrate deeper into tissue and that 





Figure 1.8. Confocal fluorescence micrographs of mitochondria in live U-2 OS cells 
using dyes a) 1.54, b) 1.55, and c) 1.56. The scale bar is 20 µm. Figure adapted from Ref. 
[129] with permission. 
 
In terms of therapy, BODIPYs are predominantly used in photodynamic therapy (PDT). 
PDT utilizes molecules known as photosensitizers, which absorb light and react with 
oxygen to form various reactive oxygen species including singlet oxygen. Singlet oxygen 
is highly reactive and can destroy cells through many pathways including apoptosis, 
necrosis, and by shutting down blood vessels.[134] Effective photosensitizers for PDT 
must be strongly absorbing particularly in the low-energy region and able to generate 
singlet oxygen. The latter can be quantified by the singlet oxygen quantum yield, which 
is described as the number of molecules of singlet oxygen generated per number of 
photons absorbed by the sensitizer.[127]  Owing to their strong absorption of visible and 
NIR light, BODIPYs and aza-BODIPYs are excellent candidates for PDT.[127, 135] 
Typically, BODIPYs and aza-BODIPYs must be structurally modified in order to realize 
systems capable of PDT. This can be accomplished by incorporating iodine (e.g., 1.58[136] 
and 1.59[137]) or transition metals[138-140] such as gold (e.g., 1.60[141]). These functionalities 
facilitate intersystem crossing and provide access to the required triplet excited state. 
More recently, heavy-atom free BODIPY derivatives have emerged as candidates for use 
in PDT (e.g., 1.61).[142] Complexes 1.58‒1.61 are strongly absorbing with extinction 
coefficients between 38,000 M‒1 cm‒1 and 110,000 M‒1 cm‒1, λmax values between 534‒
679 nm, and singlet oxygen quantum yields between 17% and 84% indicating that they 





Table 1.6. Absorption data and singlet oxygen quantum yields for complexes             
1.58‒1.61.[136-137, 141-142] 
Complex λmax (nm) ε (M‒1 cm‒1) Singlet oxygen  
quantum yield (%)  
1.58a 534 110,000 17 
1.59b 666 69,900 70 
1.60a 550 38,000 84 
1.61c 571 83,500 58 
aRecorded in CHCl3. bRecorded in DMSO. cRecorded in toluene. 
1.4.4 Electrochemiluminescence 
Electrochemiluminescence (ECL) or electrogenerated chemiluminescence is a process 
where electrochemically generated species participate in electron-transfer reactions to 
form excited-states that relax to the ground state by radiative relaxation.[143-146] ECL-
active molecules must therefore be redox-active and luminescent. ECL emitters have 
commonly been used in bio-related applications such as immunoassays and for DNA 
detection.[145-146] Due to their redox-active nature and photophysical properties, 
BODIPYs and aza-BODIPYs have been explored in this context.[147-149] Bard and co-
workers have studied the ECL properties of a variety of BODIPY and aza-BODIPY 
compounds. Completely substituted BODIPYs are relatively stable and produce 
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moderately intense ECL signals. For example, BODIPY complex 1.62 undergoes a 
reversible electrochemical reduction and oxidation events at ‒1.37 V and 0.95 V, 
respectively with a wavelength of maximum ECL at 551 nm and an ECL quantum 
efficiency (ΦECL) of 21% (Table 1.7).[150] However, if the BODIPY backbone is not fully 
substituted, the species required for ECL are significantly less stable and result in 
oxidative coupling to afford dimeric or trimeric species such as complex 1.63.[151] Aza-
BODIPYs such as 1.64 have also been explored as ECL emitters but are often inferior 
compared to BODIPYs due to their lower ΦPL and lower stability of the species 
implicated in the ECL processes.[151] Modification of the BODIPY backbone with 
polyethylene glycol chains affords BODIPYs such as 1.65 that are ECL-active both in 
organic and aqueous solutions.[152] This represents a crucial step for BODIPY-based ECL 
probes in biosensing applications.  
 
Table 1.7. Spectroscopic and electrochemical properties of complexes 1.62‒1.65.[150-152] 
Complex λmaxa   
(nm) 




Eredb   
(V) 




ΦECL    
(%)  
1.62 506 515 99 ‒1.22 0.95 551 21 
1.63 526 563 66 ‒1.22 1.09 587 0.8 
1.64 647 682 30 ‒0.44 1.14 695 < 0.1 
1.65 519 537 59 ‒1.36 0.95 551 0.2 
aRecorded in CH2Cl2. bRelative to SCE. 
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1.5 Formazans and Formazanates 
Formazans 1.66, are nitrogen-rich analogues of the well-known -diketimines and feature 
a R1-N(H)-N=C(R3)-N=N-R5 backbone.[153] This class of compounds was discovered in 
the late 19th century[154] but was not extensively studied until the 1940s. The anionic form 
of a formazan, known as a formazanate 1.67, is an attractive bidentate monoanionic 
chelating N-donor ligand which has been sporadically studied as a ligand in coordination 
chemistry and has recently experienced a renaissance in this area. The R1 and R5 
substituents of the formazans are aromatic or heterocyclic groups whereas R3 tends to be 
more diverse, with aryl, cyano, and nitro groups being the most common. Formazans can 
exist in three distinct conformations: closed, open, or linear, depending on the nature of 
the R3 substituent.[155-156] For example, when the R3 group is non-linear, the closed form 
of the formazan is the only isomer present. This is the case when R3 = nitro, aromatic, or 
tert-butyl. When the R3 group is less bulky (e.g., methyl)[157] or linear (e.g., cyano), there 
is rotation about the C-N single bond in the formazan backbone which enables access to 
the open and linear conformations. The ratio between these two forms is often dependent 
on the nature of the N-aryl substituents. 
   
 
Formazans are typically synthesized by two methods. The first method involves 
azocoupling of a diazonium salt with arylhydrazones under biphasic conditions using a 
tetraalkylammonium salt as a phase-transfer catalyst (Scheme 1.5).[158] This method has 
been used to construct a variety of symmetric or asymmetric formazans but has typically 




Scheme 1.5. Formazan synthesis under biphasic conditions from an arylhydrazone. 
The second route used to synthesize formazans begins by deprotonating a molecule with 
two activated CH bonds (e.g., phenylpyruvic acid, cyanoacetic acid, or nitromethane) and 
the subsequent reaction with two equivalents of an aryldiazonium salt under alkaline 
conditions (Scheme 1.6). This method is straightforward, inexpensive, but does not afford 
clean access to asymmetric formazan derivatives.[159-160]  
 
Scheme 1.6. Formazan synthesis from compounds bearing activated CH bonds. 
Formazans have been used extensively in the textile industry as dyes[161] and as a 
colourimetric assay for cell viability in cell biology.[162-163] This assay is used 
predominantly to study mammalian cell activity but can also be performed on microbial 
cells. In this experiment, a colourless tetrazolium salt 1.68 is dissolved in a solution 
containing mammalian cells. If the cells are active, oxidoreductase enzymes will 
metabolically reduce the soluble 1.68 into the intensely coloured, often insoluble, 
formazan 1.69 (Scheme 1.7).[164] As a result of its simplicity, tetrazolium assays have 
been used as methods to measure cell proliferation,[165] to study superoxide 
production,[166] to evaluate antimicrobial[167] and drug activity[168] and as screening agents 




Scheme 1.7. Reduction of tetrazolium salt to formazan. 
In the context of coordination chemistry, formazans were sporadically studied throughout 
the 20th century, and often only partial characterization data were provided. Over the past 
decade, there has been a resurgence in the use of formazanates as ligands. This was 
sparked by the seminal report of redox-active boron formazanate 1.70 in 2007.[160] A few 
years later, homoleptic zinc complex 1.71 bearing two 
supporting formazanate ligands was reported.[169] This 
molecule underwent stepwise ligand-centred reduction to 
afford the corresponding radical anion and dianion species 
demonstrating this utility of the formazanate ligand 
framework as an electron-reservoir. Replacing zinc with iron 
afforded complex 1.72, which undergoes spin crossover, a phenomenon that is relatively 
rare in four-coordinate iron complexes.[170] Recently, iron formazanate 1.73 was reported 
to convert CO2 into isocyanate.[171] Chemical reduction of 1.73 produced a ligand-centred 
radical anion which could be used to activate carbon halogen bonds.[172] Heteroleptic 
platinum formazanate complexes 1.74‒1.77 have also been reported.[173] Chelation of the 
platinum centre bathochromically shifts the absorption maxima of these complexes by 
over 100 nm compared to the parent formazan. The optoelectronic properties of these 
molecules can be further tuned through structural modification of the formazanate ligand 
and/or the cyclometalating ligand.[174] Lahiri and co-workers synthesized ruthenium 
formazanate 1.78 and demonstrated that the formazanate ligand is a bidirectional non 
innocent framework.[175] Using a combination of spectroscopic and computational 
techniques, the authors were able to determine where the redox processes were occurring. 
Unique bonding modes were observed when coordination of alkali metals to formazans 
was attempted.[176] For example, complexes 1.79 and 1.80 can form four- or five-
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membered chelate rings with sodium depending on the nature of the R3 substituent. In the 
case of 1.79, a coordination polymer was observed whereas a hexameric species was 
present for complex 1.80.  
 
The redox-active nature of formazanates has motivated efforts to utilize this ligand family 
for catalytic applications. For example, treatment of a copper formazanate complex with 
oxygen produced dimeric species 1.81.[177] Similar reactivity was not observed with 
related copper -diketiminate complexes. The palladium-methyl bonds of complex 1.82 
undergo insertion reactions with CO and methyl acrylate, but perform poorly when 
exposed to olefins such as styrene and ethylene.[178] A very recent report shows that iron 
formazanate 1.83 can catalyze the conversion of CO2 into cyclic carbonate 
derivatives.[179] Complex 1.83 displayed excellent selectivity for the formation of cyclic 
carbonates and this work highlights the potential for formazanate ligands as supporting 




Prior to this thesis work, only a handful of main-group formazanate complexes were 
reported in the literature. In 2014, the Otten[169, 180] and Gilroy[181-182] groups reported the 
synthesis of BF2 formazanate complexes. These groups exploited the formazanate ligand 
as an electron reservoir and established structure-property relationships for this class of 
compound. Moreover, BF2 formazanates were shown to be efficient 
electrochemiluminescent emitters[183] and as effective fluorescence cell imaging 
agents.[184] For the latter, BF2 formazanate 1.84 was identified as a strong candidate due 
to its intense PL (ΦPL = 77%) in the far-red region (λPL = 656 nm). This dye localized 
predominately in the cytoplasm of mouse fibroblast cells and was suitable for orthogonal 
imaging using 4′,6-diamidino-2-phenylindole (1.85) as a nuclear stain.   
 
Figure 1.9. Confocal fluorescence micrographs of mouse fibroblast cells stained with 
BF2 formazanate dye 1.84 and 1.85. Images a) and b) were visualized with excitation at 
559 nm and PL collected between 625‒725 nm. Images c) and d) are an overlay of 
images a) and b) with those obtained from excitation at 405 nm and PL collected between 
425‒475 nm. Image reproduced from Ref. [184] with permission. 
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1.6 Scope of Thesis 
This thesis further builds on the main-group coordination chemistry involving 
formazanate ligands by describing examples of group 13 (e.g., boron and aluminum) and 
14 (e.g., silicon, germanium, and tin) adducts of formazanate ligands. Specifically, this 
work discusses the syntheses of these complexes and examines their optoelectronic 
properties towards the development of materials for use in organic electronics and 
biological imaging applications. 
Chapters two, three, and four describe the synthesis and characterization of boron adducts 
of formazanate ligands. Structural modification of the N-aryl substituents of boron 
difluoride (BF2) formazanate complexes affords molecules which exhibit aggregation-
induced emission enhancement (chapter two) or NIR PL and ECL (chapter three). The 
results in chapter four demonstrate that the conversion of the BF2 fragment into an 
oxoborane (B=O) results in a drastic increase in PL intensity. This was rationalized using 
electronic structure calculations which showed that incorporation of the B=O 
functionality minimizes structural relaxation upon photoexcitation and enhances the PL 
intensity. This chapter also describes the synthesis of an air- and moisture-stable boron 
dichloride formazanate complex and a boroxine (B3O3 heterocycle) stabilized by three 
chelating formazanate frameworks.   
The synthesis and characterization of a family of aluminum complexes of tetradentate 
N2O23‒ formazanate ligands supported by phosphine oxide donors is described in chapter 
five. The aluminum formazanate complexes were redox-active and strongly absorbing. 
The cyano-substituted aluminum formazanate complex was also photoluminescent, 
which prompted us to probe the ECL of this molecule. 
Chapter six reports the synthesis and characterization of hypervalent group 14 elements 
supported by a tetradentate N2O23‒ formazanate ligand. These molecules were converted 
to radical anions that were stabilized by geometric and electron delocalization effects in 
the absence of significant steric bulk. 
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The results and key conclusions of this thesis are summarized in chapter seven. This 
chapter also offers insight into future directions for main-group coordination chemistry 
involving formazanate ligands. 
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2 Aggregation-Induced Emission Enhancement in Boron 
Difluoride Complexes of 3-Cyanoformazanates 
Adapted from: 
1. Maar, R. R.; Gilroy, J. B. J. Mater. Chem. C 2016, 4, 6478‒6482. 
2.1 Introduction 
Molecules that exhibit aggregation-induced emission (AIE) or aggregation-induced 
emission enhancement (AIEE) have garnered significant attention due to their 
applicability to the fields of organic electronics,[1-5] chemical sensing,[6-9] and 
fluorescence cell imaging.[2, 10-12] Typically, organic fluorophores experience attenuated 
photoluminescence (PL) intensity upon aggregation as a result of aggregation-caused 
quenching (ACQ).[13] This arises due to the formation of strong intermolecular π-π 
stacking interactions enabling the formation of excimers/exciplexes, which quench 
excited states via non-radiative pathways.[2] By contrast, molecules which exhibit AIE or 
AIEE are non- or weakly-photoluminescent in their non-aggregated states but experience 
a drastic increase in PL intensity upon aggregation.[1, 10] 
The phenomenon of AIE was first described by Tang and co-workers as part of their 
work on 1-methyl-1,2,3,4,5-pentaphenylsilole 2.1.[14] Since its discovery, significant 
efforts have been invested toward the elucidation of the mechanism of AIE. Ultimately, it 
has been proposed that the restriction of intramolecular motions (RIM), which includes 
the restriction of intramolecular rotations and vibrations, leads to the AIE 
phenomenon.[10] Fervent work done by researchers worldwide has led to the development 
of numerous AIE luminogens (AIEgens), including: hydrocarbon-,[15-17] heteroatom-,[18-
21] and boron-containing systems.[22-30] More recently, a variety of substituted 
tetraphenylethylenes 2.2[31-33] and triphenylamines 2.3[34-35] have been widely studied. 
Boron difluoride (BF2) formazanates are an interesting class of molecular materials that 
possess tunable absorption, PL, and electrochemical properties through structural 
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variation.[36] The parent formazans 2.4,[37-38] are commonly used in cell viability 
assays,[39] and are generally prepared via straightforward aryl diazonium coupling 
reactions in aqueous media. BF2 formazanates have been incorporated into polymers,[40-
41] explored as electrochemiluminescent materials,[42] used as precursors to B(I) carbenoid 
intermediates,[43] and employed as fluorescent cell-imaging agents.[44] Herein, we report 
the first examples of BF2 formazanates that demonstrate AIEE. 
 
2.2 Results and Discussion 
2.2.1 Synthesis 
BF2 complex 2.5c was prepared by heating 1,5-bis(2,6-dimethoxyphenyl)-3-
cyanoformazan at 80 °C with excess NEt3 and BF3•OEt2 in 96% yield according to 
Scheme 2.1. The synthesis and characterization of 2.5a and 2.5b have been reported 
elsewhere.[36, 44] We chose these methoxy-substituted compounds for this study due to 
their superior PL properties, specifically, their relatively higher PL quantum yields (PL) 
compared to other substituted BF2 formazanate derivatives.[44] Complex 2.5c was fully 
characterized using multinuclear NMR spectroscopy, UV-vis absorption and PL 
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spectroscopy, IR spectroscopy, cyclic voltammetry, and high-resolution mass 
spectrometry (Figures A2.1−A2.4). 
 
Scheme 2.1. Synthesis of BF2 formazanate 2.5c. 
2.2.2 Absorption and Photoluminescence Spectroscopy 
Compounds 2.5a−c absorb and photoluminesce within the visible region of the 
electromagnetic spectrum with a noticeable blue-shift in the wavelength of maximum 
absorbance (max) when the N-aryl substituents were varied from 4-methoxyphenyl (2.5a: 
max =   556 nm;   = 33,400 M−1 cm−1) to 2-methoxyphenyl (2.5b: max = 456 nm;  = 
10,100 M−1 cm−1) to 2,6-dimethoxyphenyl (2.5c: max = 434 nm;  = 13,900 M−1 cm−1) 
(Figure 2.1 and Table 2.1). This trend was also evident when examining the wavelength 
of maximum PL (PL) for 2.5a (PL = 662 nm), 2.5b (PL = 590 nm), and 2.5c (PL =    
556 nm). The trends observed for the absorption/PL maxima are consistent with a 
previous report where the presence of ortho substituents led to twisting of the N-aryl 
substituents relative to the formazanate backbone and a blue-shift in absorption/PL 
maxima.[44] A decrease in the PL was also observed for the same series of compounds: 






Figure 2.1. Normalized a) UV-visible absorption and b) PL spectra of BF2 3-
cyanoformazanates 2.5a (black line), 2.5b (red line), and 2.5c (blue line) recorded for 
degassed 10 µM THF solutions. 
 
Table 2.1. Spectroscopic and electrochemical data for BF2 formazanates 2.5a‒c. 
aSpectra were recorded for 10 μM solutions in dry, degassed THF. bQuantum yield 
experiments were measured using [Ru(bpy)3][PF6]2 as a relative standard[46],[47] and 
corrected for detector non-linearity (Figure A2.6). cSpectra were recorded at a 
concentration of 250 μM in a THF-water mixture with water volume fraction of 95% at   
25 °C. dCyclic voltammetry experiments were conducted in dry, degassed acetonitrile 
containing ~1 mM analyte and 0.1 M [nBu4N][PF6] at a scan rate of 100 mV s−1. All 
voltammograms were internally referenced to the ferrocene/ferrocenium redox couple. 
 
2.2.3 X-ray Crystallography 
Single crystals of complex 2.5c suitable for X-ray diffraction were grown from a mixture 
of CH2Cl2/pentane and the solid-state structure is shown in Figure 2.2. The solid-state 
structures of 2.5a and 2.5b have been previously reported.[36, 44] Complexes 2.5a‒c are 
comprised of carbon-nitrogen and nitrogen-nitrogen bonds with lengths between those of 
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2.5a[36] 556, 33,400 662, 46 592 702 −0.68 −1.82  − − 
2.5b[44] 456, 10,100 590, 3 517 610 −0.75 −1.92  476 616 
2.5c 434, 13,900 556, < 1 493 580 −0.90 −2.09  443 584 
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formazanate backbone consistent with previous reports (Tables 2.2 and 2.3).[44] In 
addition, the dihedral angles between the planes defined by the N-aryl substituents and 
the four nitrogen atoms of the formazanate backbone (N4: N1, N2, N3, N4) deviate from 
planarity from 4-methoxyphenyl [2.5a: 15.29(10)°, 21.35(10)°; 36.61(10)°, 37.62(9)°][48] 
to 2-methoxyphenyl [2.5b: 61.96(5)°, 60.49(5)°] to 2,6-dimethoxyphenyl [2.5c: 
74.64(4)°, 66.63(4)°]. These data indicate that 2.5a has a greater degree of planarity and 
therefore enhanced electronic conjugation compared to 2.5b and 2.5c due to the absence 




Figure 2.2. Top and side views of BF2 formazanate 2.5c. Hydrogen atoms have been 
omitted for clarity and anisotropic ellipsoids are shown at the 50% probability level. N-

















Table 2.2. Selected bond lengths (Å) and angles (°) for BF2 3-cyanoformazanate 
complexes 2.5a‒c. 
 2.5aa,[36] 2.5b[44] 2.5c 
 Conformer A       Conformer B   
N1-N2 1.307(2) 1.2987(6) 1.3040(16) 1.2980(13) 
N3-N4 1.304(2) − 1.3038(16) 1.2973(13) 
C1-N2 1.340(3) 1.3443(5) 1.3404(19) 1.3435(15) 
C1-N4 1.335(3) − 1.3438(18) 1.3486(15) 
N1-N2-C1 116.75(18) 116.42(4) 116.09(11) 114.50(9) 
N1-B1-N3 106.85(17) − 101.99(10) 100.14(8) 
N1-B1-N1’ − 102.63(5) − − 
N2-C1-N4 130.0(2) − 126.85(12) 126.08(10) 
N2-C1-N2’ − 127.22(6) − − 








aThe asymmetric unit determined for 2.5a contains two unique conformers.[36] 




The electrochemical properties of 2.5c were explored using cyclic voltammetry (Figure 
2.3 and Table 2.1). The complex exhibited two reversible one-electron reductions within 
the electrochemical window of acetonitrile (Ered1 = −0.90 V,   Ered2 = −2.09 V relative to 
the ferrocene/ferrocenium redox couple) and was more difficult to electrochemically 
reduce than 2.5a (Ered1 = −0.68 V, Ered2 = −1.82 V) and 2.5b (Ered1 = −0.75 V, Ered2 = 
−1.92 V). These results can be rationalized by examination of the solid-state structures 
(see above). Complex 2.5a possesses a nearly planar structure and experiences π 
conjugation between both N-aryl substituents and the formazanate backbone. The 
introduction of ortho methoxy substituents caused the N-aryl substituents of 2.5b and 
2.5c to twist relative to the formazanate backbone. This twisting was proportional to the 
number of methoxy substituents and limits the degree of π conjugation of the 
formazanate framework. The reduced degree of π conjugation destabilizes the LUMO 




Figure 2.3. Cyclic voltammograms of BF2 3-cyanoformazanates 2.5a (Ar = 4-
methoxyphenyl; black line), 2.5b (Ar = 2-methoxyphenyl; red line), and 2.5c (Ar = 2,6-
dimethoxyphenyl; blue line) recorded in dry, degassed acetonitrile containing ~1 mM 
analyte and 0.1 M [nBu4N][PF6] at a scan rate of 100 mV s−1. 
 
2.2.5 Aggregation Studies 
Exploration of the AIEE behaviour of 2.5a‒c in THF-water mixtures with different 
volume fractions of water (fw) revealed an interesting trend (Figure 2.4 and Table 2.1). 
2.5a is a typical organic fluorophore, which undergoes detrimental ACQ accompanied by 
a red-shift in both the absorbance and PL maxima of 36 nm and 40 nm, respectively 
(Figure 2.4 and Table 2.1). A plausible explanation for the ACQ effect is the presence of 
intermolecular -electron interactions that are facilitated by the planar orientation of the 
N-aryl substituents. This hypothesis is corroborated by the solid-state structure of 2.5a, 
which reveals short contacts (2.987−3.286 Å) between the formazanate backbone and the 
cyano substituent of a neighbouring molecule (Figure 2.5a). The frontier molecular 
orbitals of 2.5a have been shown previously to include significant orbital density on these 
structural features.[36] In addition, there are numerous intermolecular interactions [CH•••π 
(2.763 Å and 2.906 Å), CH•••O (2.707 Å and 3.060 Å), and CH•••F (2.478−2.665 Å)], 
which may enable the formation of excimers (Figure A2.7).  
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Figure 2.4. Normalized UV-vis absorption spectra of (a) 2.5a, (b) 2.5b, and (c) 2.5c in 
pure THF solution (black line) and in a THF-water mixture with water volume fraction 
(fw) of 95% (red line) ([2.5a‒c] = 250 μM). UV-vis PL spectra of (d) 2.5a, (e) 2.5b, and 
(f) 2.5c in THF-water mixtures with fw between 0% and 95% ([2.5a‒c] = 250 μM). 
Changes in wavelength of maximum PL (λPL) (squares) and PL intensity (circles) of (g) 
2.5a, (h) 2.5b, and (i) 2.5c in THF-water mixtures with fw between 0% and 95% ([2.5a‒c] 
= 250 μM). Visual representation of the aggregation-caused quenching observed for (j) 
2.5a and the AIEE observed for (k) 2.5b and (l) 2.5c. 
 
Both 2.5b and 2.5c act as AIEgens and undergo AIEE, likely as a result of RIM (Figure 
2.4 and Table 2.1). Initially (fw = 0%), 2.5c was weakly photoluminescent and its PL 
intensity was further attenuated and red-shifted upon increasing fw. The decrease in PL 
intensity as the solvent mixture became increasingly polar was consistent with previously 
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intensity was revitalized and further intensified until it reached a maximum value at fw = 
95%. Interestingly, max and PL experience a net red-shift of 59 nm and 24 nm at fw = 
95% compared to fw = 0% (Figure 2.4 and Table 2.1). Based on the solid-state structure 
of 2.5c, it is evident that there are multiple intermolecular interactions present: CH•••π 
(2.696 Å and 2.885 Å), CH•••O (3.113 Å and 3.125 Å), CH•••N (2.552 Å and 2.725 Å), 
and CH•••F (2.611 Å) (Figure A2.8). These interactions lock the conformation of the N-
aryl substituents and prevent intramolecular motion. Complex 2.5b also exhibited 
decreased PL intensity upon the initial addition of water, which was rejuvenated at fw = 
80%. 2.5b exhibited red-shifts of 61 nm (max) and 20 nm (PL) from fw = 0% to fw = 95% 
(Figure 2.4 and Table 2.1) due to intermolecular interactions: CH•••π (2.655 Å and 2.788 
Å), CH•••O (2.620 Å and 2.794 Å), and CH•••F (2.398 Å−2.509 Å) (Figure A2.9). Red-
shifted PL maxima are commonly observed for AIE-active molecules.[49-52] While we are 
unable to identify the specific interactions leading to the red-shift of the PL maxima 
observed for 2.5b and 2.5c (Figures 2.5, A2.7−A2.9), we note that the potential -
stacking interactions observed in the solid-state structures of 2.5b and 2.5c have 
intermolecular distances outside the sum of the Van der Waal radii of the respective 




Figure 2.5. Solid-state structures for 2.5a−c. (a) Intermolecular NCπ [3.286 Å] and 
CNC [2.987 Å and 3.241 Å] interactions for 2.5a.[36] Ring-slipped π-stacking motifs 
for (b) 2.5b[44] and (c) 2.5c. Anisotropic displacement ellipsoids are shown at 50% 
probability. Hydrogen atoms have been omitted and N-aryl substituents in (a) have been 











The readily accessible BF2 formazanates 2.5a‒c absorb and photoluminesce within the 
visible region of the electromagnetic spectrum. 2.5a is a typical organic fluorophore that 
experienced ACQ whereas 2.5b and 2.5c exhibited AIEE. Controlled addition of water 
into THF solutions of 2.5b and 2.5c initially resulted in decreased PL intensity before a 
critical fw (2.5b: 80%; 2.5c: 70%) was reached and the PL intensity was invigorated and 
enhanced. Complex 2.5b exhibited a 3-fold increase in PL at ƒw = 95%, while 2.5c 
exhibited a 10-fold increase under the same conditions. The degrees of enhancement 
were significant, but less dramatic than those observed for CF3- and CO2Me-substituted 
boron dipyrromethenes (ca. 40-fold increase in glycerol/methanol), which 
photoluminesce at similar wavelengths.[53-54] The solid-state structure of 2.5a indicated 
the presence of strong intermolecular π-interactions, which resulted in ACQ, while 2.5b 
and 2.5c exhibited AIEE due to the restriction of intramolecular motion upon aggregation 
and do not appear to π stack in the solid state.[55] This work highlights the potential of 
BF2 formazanates as AIEgens. Subsequent studies will aim to further explore how 
substituent variation affects AIEE.  
2.4 Experimental Details 
2.4.1 General Considerations 
Reagents were purchased from Sigma-Aldrich, Alfa Aesar, or Matrix Scientific and used 
as received unless otherwise specified. Solvents were purchased from Caledon 
Laboratories, dried using an Innovative Technologies Inc. solvent purification system, 
collected under vacuum, and stored under nitrogen atmosphere containing 4 Å molecular 
sieves. The synthesis, characterization, and X-ray crystallographic data of 1,5-bis(4-
methoxyphenyl)-3-cyanoformazan, 1,5-bis(2-methoxyphenyl)-3-cyanoformazan, 2.5a, 
and 2.5b have previously been reported.[36],[44] NMR spectra were recorded on 400 MHz             
(1H: 399.8 MHz, 11B: 128.3 MHz, 19F: 376.1 MHz) or 600 MHz (1H: 599.5 MHz, 
13C{1H}: 150.8 MHz) Varian INOVA spectrometers. 1H NMR spectra were referenced to 
residual CHCl3 ( = 7.27 ppm) and 13C NMR spectra were referenced to CDCl3 ( =   
77.0 ppm). 11B spectra were referenced to BF3·OEt2 at  = 0 ppm, and 19F spectra were 
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referenced to CFCl3 at  = 0 ppm. Mass spectrometry data were recorded in positive-ion 
mode using a high-resolution Finnigan MAT 8200 spectrometer using electron impact 
ionization. Thin-film samples of 2.5b and 2.5c were prepared by spin coating the 
appropriate sample onto a glass substrate from a 20 mg mL−1 solution of chlorobenzene. 
Samples were loaded onto the substrate using a 1 mL syringe and allowed to stand for     
1 min before being spun at a rate of 3000 rpm for 30 s. Solution and thin-film UV-vis 
absorption spectra were recorded using a Cary 5000 UV-Vis-NIR spectrophotometer. For 
solution data, molar extinction coefficients were determined from the slope of a plot of 
absorbance against concentration using four solutions with known concentrations ranging 
between 10 and 100 μM. Infrared spectra were recorded on a KBr disk using a Bruker 
Vector 33 FT-IR spectrometer. PL spectra were obtained using a Photon Technology 
International QM-4 SE spectrofluorometer. Excitation wavelengths were chosen based on 
absorption maxima from the respective UV-vis absorption spectrum in THF or as a thin-
film. ΦPL values were calculated relative to [Ru(bpy)3][PF6]2 by methods described by 
Fery-Forgues and coworkers.[46]  
2.4.2 Electrochemical Methods 
Cyclic voltammetry experiments were performed with a Bioanalytical Systems Inc. 
(BASi) Epsilon potentiostat and analyzed using BASi Epsilon software. Typical 
electrochemical cells consisted of a three-electrode setup including a silver pseudo 
reference electrode, glassy carbon working electrode, and platinum counter electrode. 
Experiments were run at a scan rate of 100 mV s−1 in degassed acetonitrile solutions of 
the analyte (1 mM) and electrolyte (0.1 M [nBu4N][PF6]). Cyclic voltammograms were 
referenced relative to the ferrocene/ferrocenium redox couple (1 mM internal standard) 
and corrected for internal cell resistance using the BASi Epsilon software. 
2.4.3 X-ray Crystallography Methods 
Single crystals for X-ray diffraction studies of 2.5c were grown by slow diffusion of 
hexanes into a saturated solution of the compound in dichloromethane. The samples were 
mounted on a MiTeGen polyimide micromount with a small amount of Paratone N oil.     
X-ray measurements for 2.5c were made on a Nonius KappaCCD Apex2 at a temperature 
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of 110 K. The data collection strategy was a number of ω and φ which collected data over 
a range of angles, 2θ. The frame integration was performed using SAINT.[56] The 
resulting raw data were scaled and absorption corrected using a multi-scan averaging of 
symmetry equivalent data using SADABS.[57] The structure was solved by using a dual 
space methodology using the SHELXT program.[58] All non-hydrogen atoms were 
obtained from the initial solution. The hydrogen atoms were introduced at idealized 
positions and were refined isotropically. The structural model was fit to the data using 
full matrix least-squares based on F2. The calculated structure factors included 
corrections for anomalous dispersion from the usual tabulation. The structure was refined 
using the SHELXL-2014 program from the SHELXTL program package.[59] See Table 
2.3 and CCDC 1455864 for additional crystallographic data. 
 
Table 2.3. X-ray diffraction data collection and refinement details for 2.5c. 
 2.5c 
Formula C18H18BF2N5O4 
FW (g mol‒1) 417.18 
Crystal Habit Orange Plate 
Crystal System Orthorhombic 
Space Group Pbca 
T (K) 110 
 (Å) 1.54178 
a (Å) 14.740(3) 
b (Å) 14.827(3) 
c (Å) 18.170(4) 
 (°) 90 
 (°) 90 
 (°) 90 
V (Å3) 3971.1(15) 
Z 8 
 (g cm‒3) 1.396 
m (cm‒1) 0.957 
R1a  0.0296  
R2b [I > 2σ] 0.0740 
R1 (all data) 0.0313 
R2 (all data) 0.0753 
GOFc 1.034 
aR1 = (|Fo|‒|Fc|) /  Fo, bR2 = [((Fo2‒Fc2)2) / (Fo4)]½, cGOF = [((Fo2‒Fc2)2) / 




Preparation of 1,5-bis(2,6-dimethoxyphenyl)-3-cyanoformazan 
In air, cyanoacetic acid (0.51 g, 6.0 mmol) and sodium 
hydroxide (3.27 g, 81.8 mmol) were dissolved in deionized 
water (55 mL). The colourless solution was cooled to 0 °C and 
stirred for 1 h. In a separate flask, 2,6-dimethoxyaniline (1.80 g, 
11.8 mmol) was combined with concentrated hydrochloric acid (3.50 mL, 42.0 mmol) in 
deionized water (20 mL) and stirred for 30 min at 0 °C. A solution of sodium nitrite  
(0.92 g, 13 mmol) in deionized water (3 mL) was cooled to 0 °C in an ice bath for 15 min 
before being added dropwise over a 30 min period to the 2,6-dimethoxyaniline solution. 
The resulting red/yellow diazonium salt solution was stirred for 45 min at 0 °C before it 
was added to the alkaline cyanoacetic acid solution described above over a 20 min 
period. Upon addition, the solution turned blood red and a precipitate of the same colour 
formed. The mixture was stirred for 3 h before the precipitate was collected by vacuum 
filtration to afford a red solid. The filtrate was neutralized with 1 M HCl, extracted into 
dichloromethane (3 × 100 mL), washed with deionized water (3 × 100 mL) and brine (1 × 
150 mL), dried over MgSO4, gravity filtered, and concentrated in vacuo to afford a 
second portion of 1,5-bis(2,6-dimethoxyphenyl)-3-cyanoformazan as a red solid. Both 
solids were combined and purified by flash column chromatography (dichloromethane, 
neutral alumina) and then recrystallized from methanol to afford 1,5-bis(2,6-
dimethoxyphenyl)-3-cyanoformazan as a dark-red microcrystalline solid. Yield = 2.02 g, 
92%; Mp: 133−135 °C. 1H NMR (599.5 MHz, CDCl3):  12.60 (s, 1H, NH), 7.22 (t, 3JHH 
= 8 Hz, 2H, aryl CH), 6.66 (d, 3JHH = 8 Hz, 4H, aryl CH), 3.89 (s, 12H, OCH3). 13C{1H} 
NMR (150.8 MHz, CDCl3):  153.5, 129.5, 126.8, 125.6, 114.9, 105.0, 56.4. FT-IR 
(KBr): 3063 (m), 3011 (m), 2960 (m), 2838 (m), 2221 (s), 1589 (s), 1522 (s), 1481 (s), 
1456 (m), 1260 (s), 1112 (s), 1026 (s) cm-1. UV-vis (THF): max 442 nm (ε =               
9,200 M−1 cm−1); 362 nm (18,700 M−1 cm−1). MS (EI = +ve mode): exact mass calculated 







Preparation of BF2 Formazanate Complex 2.5c  
Under N2, 1,5-bis(2,6-dimethoxyphenyl)-3-cyanoformazan  
(1.04 g, 2.86 mmol) was dissolved in dry toluene (100 mL) 
before anhydrous NEt3 (2.61 g, 3.60 mL, 25.8 mmol) was added 
and the solution was stirred for 30 min. BF3•OEt2 (6.09 g,     
5.30 mL, 42.9 mmol) was then added and the solution was 
heated to 80 °C for 18 h. The colour of the solution gradually changed from dark red to 
orange/yellow. At this time, the solution was cooled to 20 °C and deionized water        
(25 mL) was added to quench any reactive boron-containing species. The mixture was 
washed with deionized water (3 × 50 mL), dried over MgSO4, gravity filtered, and 
concentrated in vacuo to afford 2.5c as an orange solid. The crude solid was purified via 
flash column chromatography (dichloromethane, neutral alumina) and triturated with ice-
cold methanol to afford 2.5c as bright orange microcrystalline solid. Yield = 1.15 g, 96%; 
Mp: 184−186 °C. 1H NMR (599.5 MHz, CDCl3):  7.33 (t, 3JHH = 8 Hz, 2H, aryl CH), 
6.61 (d, 3JHH = 8 Hz, 4H, aryl CH), 3.82 (s, 12H, OCH3). 13C{1H} NMR (150.8 MHz, 
CDCl3):  156.1, 131.8, 121.4, 114.0, 104.5, 56.4. 11B NMR (128.3 MHz, CDCl3):   
−2.6 (t, 1JBF = 16 Hz). 19F (376.1 MHz, CDCl3):  −162.2 (q, 1JFB = 16 Hz). FT-IR (KBr): 
3075 (m),   2956 (s), 2942 (s), 2830 (m), 2219 (m), 1432 (s), 1330 (s), 1245 (s), 1026 (s), 
943 (s) cm-1. UV-vis (THF): max 434 nm (ε = 13,900 M−1 cm−1). MS (EI = +ve mode): 
exact mass calculated for [C18H18BF2N5O4]+: 417.1420; exact mass found: 417.1421; 
difference: +0.2 ppm.  
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3 Near-Infrared Photoluminescence and 
Electrochemiluminescence from a Remarkably Simple 
Boron Difluoride Formazanate Dye 
Adapted from: 
1. Maar, R. R.; Zhang, R.; Stephens, D. G.; Ding, Z.; Gilroy, J. B. Angew. Chem. 
Int. Ed. 2019, 58, 1052‒1056. 
3.1 Introduction 
Materials capable of near-infrared (NIR) light absorption and photoluminescence (PL) 
are of considerable interest to the fields of materials science[1-3] and biomedical 
imaging.[4-6] For the latter, NIR light is minimally absorbed by the skin and other 
biological tissues, which enhances light penetration[7] and minimizes autofluorescence 
from biological molecules (e.g., hemoglobin).[8] As a result, NIR dyes have enhanced 
utility for photodynamic[9-13] and photothermal therapy,[14-16] and for in vivo               
cellular imaging.[5, 17-18] Recently, electrochemiluminescence or electrogenerated 
chemiluminescence (ECL)[19-23] microscopy has also been utilized for single-cell 
imaging.[24-25]   
For ECL to occur, highly reactive radical species must be electrochemically generated in 
the vicinity of the working electrode. These intermediates then participate in an electron-
transfer reaction to generate an excited state, which returns to the ground state via 
radiative relaxation.[19-20] ECL spectroscopy is an extremely sensitive analytical technique 
capable of picomolar to femtomolar (i.e., 10‒12‒10‒15 M) detection levels.[26-28] In 
addition, it benefits from impressive signal-to-noise ratios, excellent temporal and spatial 
control, and low-cost.[29-30] As a result of these advantages, the development of dyes 
capable of NIR ECL is of paramount importance for future application in biological 
sensing and imaging. While NIR ECL systems based on inorganic nanomaterials[31-39] 
(e.g., Au25(SC2H4Ph)18‒,[40] Au38(SC2H4Ph)24,[41] and CuInS2[42]) have been reported, only 
a few organic dyes capable of NIR ECL are known.[43-44] For example, Bard and co- 
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workers explored the NIR ECL of a heptamethine cyanine dye 3.1 and tricarbocyanine 
dye 3.2. Both molecules require extended π-systems to achieve efficient NIR absorption 
and luminescence.[45] Dyes 3.1 and 3.2 have wavelengths of maximum absorbance (λmax) 
and PL (λPL) in the NIR region and in the presence of tri-n-propylamine (TPrA), 
exhibited peak ECL intensity at wavelengths (λECL) of 805 nm and 825 nm, respectively. 
Despite an approximate two-fold increase in molecular weight from dye 3.1           
(570.91 g mol‒1) to dye 3.2 (1008.35 g mol‒1) the λECL was only shifted by 20 nm. In 
order to red-shift the maximum further into the NIR region, a larger π-system would 
likely need to be realized. This represents a major hurdle in the development of organic 
dyes which exhibit NIR ECL, as routes to generate extended/fused π-systems can be 
synthetically demanding. Herein, we describe a low molecular weight boron difluoride 
(BF2) formazanate dye 3.3 capable of NIR PL and ECL. Its straightforward, two-step 
synthesis in combination with its exceptionally simple structure represent a significant 




3.2 Results and Discussion 
3.2.1 Synthesis 
Formazan 3.4 was prepared by adapting a published procedure.[46] Its identity and purity 
were confirmed using NMR spectroscopy, FT-IR spectroscopy and UV-vis absorption 
spectroscopy, and mass spectrometry (Figures A3.1‒A3.3). Formazan 3.4 gave rise to a 
singlet at 12.05 ppm in its 1H NMR spectrum as well as a low-energy λmax of 534 nm that 
are comparable to structurally related 3-cyanoformazans.[46-47] BF2 formazanate 3.3 was 
prepared by heating formazan 3.4 at 80 °C in toluene with excess NEt3 and BF3•OEt2 
(Scheme 3.1). Purification via column chromatography afforded the dye in 60% yield, 
which was characterized using NMR spectroscopy, FT-IR spectroscopy, and mass 
spectrometry (Figures A3.4 and A3.5). This transformation was accompanied by a colour 
change from purple to blue-green, as well as a loss of the diagnostic NH resonance 
associated with formazan 3.4 and the appearance of a triplet at ‒0.4 ppm in the 11B NMR 
spectrum and a quartet at ‒137.4 ppm in the 19F NMR spectrum.  
 
Scheme 3.1. Synthesis of BF2 formazanate dye 3.3. 
3.2.2 X-ray Crystallography 
Single crystals suitable for X-ray diffraction were grown by vapor diffusion of hexanes 
into a saturated CH2Cl2 solution containing 3.3 (Tables 3.1 and 3.3). The asymmetric unit 
of dye 3.3 contained two unique conformers (Figures 3.1 and A3.6). Further analysis 
revealed that the boron atoms adopt a slightly distorted tetrahedral geometry and the 
average angles between the plane defined by the N-aryl substituents and the four nitrogen 
atoms of the formazanate backbone (N4: N1, N2, N3, N4) were 18.63(5)° (conformer A) 
and 27.44(6)° (conformer B). In addition, the boron atoms are displaced from the N4 
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plane by 0.136(2) Å and 0.321(2) Å for conformers A and B, respectively. The N-C 
[1.3315(16)‒1.3434(15) Å] and N-N [1.3113(13)‒1.3143(13) Å] bond lengths of the 
formazanate ligand backbone are between what would normally be expected for single 
and double bonds of the same atoms[48] indicating that the π-system is highly delocalized. 
The latter are elongated compared to typical N-N bond lengths reported for related BF2 
formazanates.[47, 49-50] Examination of the average N-C [N6-C6: 1.3647(16), N7-C12: 
1.3629(16)] bond lengths between the dimethylamino nitrogen atom and the adjacent 
carbon atom are indicative of a bond order of ca. 1.5. Similarly, the average N1-C3 
[1.4110(16)] and N3-C9 [1.4110(16)] bond lengths also indicate a bond order of ca. 1.5 
and are substantially shorter than those observed for related BF2 formazanates.[47] These 
metrics suggest that the N-aryl substituents of dye 3.3 possess significant quinoidal 
character, a trait that has not previously been observed for this family of dyes. Given that 
the frontier molecular orbital isosurfaces calculated for related BF2 formazanates include 
density at both the formazanate backbone and the N-aryl substituents,[19] this quinoidal 
character is expected to dramatically enhance electronic delocalization and shift 
absorption, PL, and ECL spectra to lower energies. 
 
Figure 3.1. Top and side views of one conformer of BF2 formazanate 3.3 found within 
the asymmetric unit of the determined solid-state structure. Anisotropic displacement 
ellipsoids are shown at the 50% probability level and hydrogen atoms have been omitted 

















Table 3.1. Selected bond lengths (Å), bond angles (°), and structural metrics extracted 
from the solid-state structure of BF2 formazanate 3.3. 
aDefined as the angle between the N-aryl substituents and the N4 plane of the formazanate 
ligand backbone. bDefined as the distance between B1 and the N4 plane of the 
formazanate ligand backbone. 
 
3.2.3 Spectroscopic and Electrochemical Properties 
The UV-vis absorption and PL spectra of dye 3.3 were recorded in toluene, CH2Cl2, THF, 
and CH3CN (Figures 2 and A3.7, Table 3.2) and are consistent with the enhanced 
delocalization evident in the solid-state structure. Dye 3.3 is strongly absorbing (ε = 
38,600‒47,800 M‒1 cm‒1) in the NIR spectral region and the λmax values observed were 
relatively insensitive to the solvent polarity (toluene: λmax = 728 nm, CH2Cl2: λmax =     
733 nm, THF: λmax = 731 nm, CH3CN: λmax = 728 nm). Previous work on related BF2 
formazanates showed that the HOMO and LUMO are the dominant orbital pair involved 
in the lowest energy excitation, which has significant π→π* character.[51] The PL spectra 
showed that the solvent polarity has a larger effect on the λPL and ranges from  834 nm to 
888 nm (Figures 2 and A3.7, Table 3.2). The appreciable PL quantum yields (ΦPL, 
Equation 3.6) determined for BF2 formazanate 3.3 varied minimally in four different 
solvents [ΦPL: 8% (toluene), 4% (CH2Cl2), 5% (THF), 3% (CH3CN)]. It should be noted 
that dyes which exhibit NIR PL often give rise to lower ΦPL values  compared to systems 
 Conformer A Conformer B 
N1-N2 1.3134(14) 1.3113(13) 
N3-N4 1.3143(14) 1.3127(13) 
N2-C1 1.3315(16) 1.3354(15) 
N4-C1 1.3356(17) 1.3434(15) 
N1-C3 1.4143(16) 1.4077(15) 
N3-C9 1.4140(16) 1.4080(15) 
N6-C6 1.3689(17) 1.3605(15) 
N7-C12 1.3656(17) 1.3602(15) 
B1-N1 1.5670(17) 1.5600(16) 
B1-N3 1.5703(17) 1.5608(16) 
N1-B1-N3 106.71(10) 106.40(9) 
N2-N1-B1 124.35(10) 122.90(9) 
N4-N3-B1 123.83(10) 122.77(9) 
N2-C1-N4 130.32(11) 130.46(11) 
Dihedral anglesa 18.51(5), 18.74(5) 23.42(5), 31.46(7) 
Boron displacementb 0.136(2) 0.321(2) 
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that photoluminesce within the visible region as the former have smaller S1-S0 energy 
gaps, which can result in an increased probability of non-radiative relaxation events, as 
described by the energy gap law.[52] This is particularly important given that dye 3.3 
exhibits PL (ca. 750‒1050 nm) in both the NIR 1 and NIR 2 regions. Dye 3.3 also 
exhibits relatively large Stokes shifts (vST) ranging from 106 to 160 nm                   
(1,746‒2,475 cm‒1) depending on the solvent (Table 3.2).   
 
Figure 3.2. Normalized UV-vis absorption (black line) and PL (blue line) spectra 
recorded for a 6 µM dry, degassed CH3CN solution of dye 3.3 
 
Table 3.2. Solution-state characterization data for BF2 formazanate 3.3. 
Solvent λmax (nm),        

















toluene 728, 47,800 834, 8 106, 1,746 ‒ ‒ ‒ ‒ 
CH2Cl2 733, 41,300 866, 4 133, 2,095 ‒ ‒ ‒ ‒ 
THF 731, 38,600 855, 5 124, 1,984 ‒ ‒ ‒ ‒ 
CH3CN 728, 43,600 888, 3 160, 2,475 ‒1.02 ‒2.05 0.27 0.56 
aDetermined according to a published protocol[53] using 1,1′,3,3,3′,3′-
hexamethylindotricarbocyanine iodide[54] as a relative standard. bCVs were recorded for a 
dry, degassed CH3CN solution containing 0.05 mM analyte and 0.1 M [nBu4N][PF6] as a 
supporting electrolyte at a scan rate of 100 mV s‒1 and referenced to the 




A cyclic voltammogram (CV) was collected for dye 3.3 at a scan rate of 100 mV s‒1 in 
CH3CN containing [nBu4N][PF6] (Figure 3.3A and Table 3.1). Upon scanning to negative 
potentials, two reversible one-electron waves were evident and correspond to the 
reduction of BF2 formazanate 3.3 to its ligand-centred radical anion (3.3•‒, Ered1 =              
‒1.02 V relative to the ferrocene/ferrocenium redox couple) and dianion (3.32‒, Ered2 =     
‒2.05 V). Upon scanning to positive potentials, two reversible one-electron oxidations 
were also observed and assigned to the formation of ligand-centred radical cation (3.3•+, 
Eox1 = 0.27 V) and dication (3.32+, Eox2 = 0.56 V), respectively. The unique 
electrochemical features of BF2 formazanate 3.3 in combination with its NIR PL 
prompted us to investigate its potential NIR ECL. 
3.2.4 Electrochemiluminescence of BF2 Formazanate Dye 3.3 
The ECL of BF2 formazanate 3.3 was examined in the absence and presence of TPrA as a 
coreactant. In the absence of a coreactant, ECL was not detected between ‒2.35 V and 
0.85 V (Figure 3.3A). This is likely a result of the insufficient lifetimes of the 
electrogenerated species in the vicinity of the working electrode that would be required 
for ECL.  
The introduction of a coreactant often results in enhanced ECL, as the coreactant and 
analyte-based radicals required to produce the excited state exist at similar potentials.[19-
20, 29] Figure 3.3B displays the CV along with the ECL-voltage curve for 3.3 in the 
presence of TPrA (15 mM). The TPrA• radical, generated upon oxidation of TPrA and 
subsequent loss of a proton, has emerged as a useful coreactant for the enhancement of 
ECL and is a potent reductant.[55] The onset of ECL for dye 3.3 was observed at 0.35 V 
and the ECL-voltage curve had a maximum intensity at a potential of 0.54 V, where 3.3•+ 
and TPrA• co-exist in appreciable quantities (Equations 3.1 and 3.2).[29, 55] An excited 
state 3.3* is generated when 3.3•+ and TPrA• react (Equation 3.3), leading to ECL when 
the excited state relaxes to the ground state (Equation 3.4). On scanning to more positive 
potentials, a second ECL maximum was observed at a potential of 0.95 V. At this 
potential, the solution likely contains significant quantities of electrogenerated 3.32+ and 
TPrA•. We postulate that 3.32+ and 3.3 can undergo a comproportionation reaction based 
on previous computational studies (Equation 3.5),[56-57] and that lower ECL intensity in 
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this region likely relates to the two-step process required to generate 3.3•+ in the vicinity 
of the working electrode at these higher potentials.  
 
ECL efficiencies (ΦECL) were calculated relative to the [Ru(bpy)3][PF6]2/TPrA coreactant 
system using the ratio of ECL intensity obtained from the accumulated ECL spectra and 
the total charge from the corresponding CV (Equation 3.7). To obtain the optimal 
experimental results, we explored the scan rate dependence of a CH3CN solution 
containing 0.05 mM 3.3, 15 mM TPrA, and 0.1 M [nBu4N][PF6] as supporting electrolyte 
by scanning eight consecutive cycles from ‒0.35 to 0.95 V (Figure A3.8, Table A3.1). 
These experiments revealed a maximum ΦECL of 17.5% at a scan rate of 200 mV s‒1. 
Despite the red-shifted λECL that should lead to diminished ΦECL according to the energy 
gap law,[52] the observed efficiency of 3.3/TPrA was similar to 3.1/TPrA (ΦECL = 21%)[43] 
and 3.2/TPrA (ΦECL = 17%)[44], which possess significantly larger π-systems and more 
complex structures. At reduced scan rates, the 3.3/TPrA system exhibited lower ΦECL 
values likely due to decreased concentrations of 3.3•+ as a result of decomposition that is 
enhanced on these longer timescales. Furthermore, we explored the effect of increasing 
the concentration of TPrA from 15 to 30 mM in 5 mM increments (Figure A3.9, Table 
A3.2). Increasing the concentration of TPrA led to higher ECL intensities, but also higher 
electrochemical currents in the CVs. Ultimately, lower ΦECL values were obtained as the 










Figure 3.3. (A) CV (red line) and ECL-voltage curve (blue line) of a 0.05 mM CH3CN 
solution of 3.3 containing 0.1 M [nBu4N][PF6] as supporting electrolyte recorded at a 
scan rate of 100 mV s‒1. The arrow indicates the scan direction. (B) CV (red line) and 
ECL-voltage curve (blue line) of a 0.05 mM CH3CN solution of 3.3, 15 mM TPrA, and 
0.1 M [nBu4N][PF6] as supporting electrolyte recorded at a scan rate of 200 mV s‒1. (C) 
Spooling ECL spectra, (D) Evolution, (E) Devolution spectra collected for a CH3CN 
solution containing 0.05 mM of dye 3.3, 15 mM TPrA, and 0.1 M [nBu4N][PF6] as 
supporting electrolyte acquired by reversibly scanning between ‒0.35 and 0.95 V at a 
scan rate of 12.5 mV s‒1 and a time interval of 4 s for each spectrum. The potential 
window is shown from ‒0.10 V to 0.95 V for clarity. (F) PL spectrum of dye 3.3 (blue 
line) and accumulated ECL spectrum of dye 3.3/TPrA (red line) in CH3CN. The 
accumulated spectrum was recorded at a scan rate of 20 mV s‒1. (G) CV of dye 3.3/TPrA 







Spooling ECL spectroscopy allowed for the evolution and devolution of ECL intensity to 
be monitored in real time (Figure 3.3). Spooling ECL experiments were conducted at 
various scan rates and using different concentrations of TPrA (Figures A3.10‒A3.15). 
Figures 3.3C and 3.3G show the spooling ECL spectra and the corresponding CV 
recorded at a scan rate of 12.5 mV s‒1 in the presence of 15 mM TPrA. The ECL onset 
potential was found at 0.40 V (t = 15 s) and reached its maximum intensity at 0.55 V (t = 
18 s), in close agreement with the ECL-voltage data shown in Figure 3.3B. The 
maximum ECL intensity remained at 910 nm throughout the experiment demonstrated by 
the evolution and devolution ECL spectra (Figures 3.3D and 3.3E). This finding indicates 
that a single excited state is implicated in the ECL process. The ECL accumulated 
spectrum obtained over the course of eight consecutive scan cycles between ‒0.35 V and 
0.95 V had a maximum intensity at 910 nm (Figure 3.3F). The 22 nm difference between 
the λECL (910 nm) and λPL (888 nm) maxima is likely a result of the inner filter effect 
caused by self-absorption (Figures 3.2 and A3.7).[58] However, we cannot rule out 
excimer formation[59-60] as BF2 complexes of formazanate ligands have been shown to 
aggregate via π-type interactions.[61] The λECL observed during these studies is at least   
85 nm (1,132 cm‒1) red-shifted compared to all other ECL organic dyes reported to date. 
3.3 Conclusions 
In conclusion, we report a BF2 formazanate dye with a remarkably simple structure, 
synthesized via a straightforward two-step procedure from commercially available 
starting materials and capable of NIR PL and ECL. Analysis of the solid-state structure of 
dye 3.3 revealed that the N-aryl substituents possess significant quinoidal character, 
leading to enhanced electronic delocalization over the -system that includes both the 
formazanate backbone and the N-aryl substituents. This delocalization results in a drastic 
red-shift in both the absorption, PL, and ECL maxima compared to related BF2 
formazanates without the need for elaborate structure alteration. The electrochemical 
properties of our dye were probed using cyclic voltammetry and these studies revealed 
two reversible reductions and two reversible oxidations within the electrochemical 
solvent window afforded by CH3CN. The unique PL and electrochemical characteristics 
observed prompted us to investigate the ECL properties of dye 3.3. In the absence of a 
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coreactant, no ECL was observed. However, ECL was induced upon the addition of tri-n-
propylamine and reached a maximum intensity at 0.54 V relative to the 
ferrocene/ferrocenium redox couple. The wavelength of maximum ECL intensity was 
centred at 910 nm with an efficiency of 17.5% relative to the benchmark 
[Ru(bpy)3][PF6]2/TPrA system. Based on the simplicity of this dye and its unique 
properties, we envision that this study will inspire the development of future generations 
of organic dyes required for emerging applications involving NIR photoluminescent and 
electrochemiluminescent materials. Our future work will focus on compound 3.3, its 
protonated/methylated analogues, and structurally related compounds in order to develop 
the chemistry of this family of NIR dyes in a variety of different solvents and 
biologically-relevant media. 
3.4 Experimental Section 
3.4.1 General Considerations 
Reagents were purchased from Sigma-Aldrich or Alfa Aesar and used as received unless 
otherwise specified. Our best results for the synthesis of formazan 3.4 were obtained 
when N,N-dimethyl-p-phenylenediamine was purchased from Sigma-Aldrich. Solvents 
were purchased from Caledon Laboratories, dried using an Innovative Technologies Inc. 
solvent purification system, collected under vacuum, and stored under an N2 atmosphere 
over 4 Å molecular sieves. NMR spectra were recorded on 400 MHz (1H: 399.8 MHz; 
13C{1H}: 100.5 MHz), 600 MHz  (1H: 599.3 MHz; 13C{1H}: 150.7 MHz) Varian INOVA 
spectrometers or a 400 MHz (1H: 399.8 MHz; 13C{1H}: 100.5 MHz, 19F: 376.4 MHz, 11B: 
128.4 MHz) Bruker spectrometer at 25 °C. 1H NMR spectra were referenced to residual 
CHCl3 ( = 7.27) or DMSO-d5 ( = 2.50) and 13C{1H} NMR spectra were referenced to 
CDCl3 ( = 77.0) and DMSO-d6 ( = 39.5). 11B spectra were referenced to BF3•OEt2 ( = 
0) and 19F spectra were referenced to CFCl3 ( = 0). Mass spectra were recorded in 
positive-ion mode using a high-resolution Thermo Scientific DFS (Double Focusing 
Sector) mass spectrometer using electron impact ionization. FT-IR spectra were recorded 
on a PerkinElmer Spectrum Two instrument using an attenuated total reflectance 
accessory. UV-vis absorption spectra were recorded on a Cary 5000 UV-Vis-NIR 
spectrophotometer. Molar extinction coefficients were determined from the slope of a 
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plot of absorbance against concentration using four solutions with known concentrations 
ranging between 5 and 70 μM. PL spectra were recorded on a Acton 2300i spectrograph 
(Princeton Instruments, Acton, MA) with a grating of  50 lines mm‒1 blazed at 600 nm 
and an iDUS charged-coupled device camera (model DU401-BR-DD-352, Andor 
Technology Ltd., Belfast UK) cooled to ‒65 °C using a 633 nm laser (Melles Griot, 
Rochester, New York). ΦPL values (%) were determined using equation 3.6:  












× 100%                     (3.6) 
where I is the integrated PL intensity, A is the optical density and η is the refractive index 
of the solvent. The subscript “st” refers to standard and “x” refers to the analyte. The 
relative standard employed was 1,1′,3,3,3′,3′-hexamethylindotricarbocyanine iodide (λPL 
= 773 nm,  Φst = 28% in ethanol).[54] 
3.4.2 Electrochemical Methods 
Cyclic voltammetry experiments were conducted on a CHI 610A electrochemical 
analyzer (CH Instruments, Austin, TX). Typical electrochemical cells consisted of a 
commercial glassy carbon electrode (3 mm in diameter) as the working electrode, and 
two coiled Pt wires were used as the pseudo-reference electrode and counter electrode, 
respectively. Experiments were run at 12.5‒200 mV s‒1 in dry and degassed CH3CN 
solutions of the analyte (0.05 mM) and 0.1 M [nBu4N][PF6] as supporting electrolyte. 
Cyclic voltammograms were referenced relative to the ferrocene/ferrocenium redox 
couples (0.05 mM internal standard). 
3.4.3 Electrochemiluminescence Measurements 
ECL experiments were carried out in a conventional three-electrode cell at room 
temperature in a 14 cm length glass cylinder cell with an inner diameter of 1.8 cm and 
equipped with a flat Pyrex window at the bottom for light detection. A commercial glassy 
carbon electrode (3 mm in diameter) and two coiled platinum wires were used as the 
working electrode, counter electrode, and pseudo-reference electrode, respectively. 
Before each experiment, the working electrode was polished on a felt polishing pad 
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(Buehler Ltd., Lake Bluff, IL) using 0.3 μm and 0.05 μm alumina (Buehler Ltd.) slurry to 
obtain a mirror like surface. This was followed by sonication in ultrapure H2O, ethanol, 
and acetone successively. The working electrode was finally washed repeatedly with 
CH3CN and dried with a stream of Ar. The counter electrode and reference were 
sonicated in ethanol and acetone, successively. These electrodes were then dried at      
120 ℃ for 30 min and then cooled to room temperature. The electrochemical cell was 
rinsed with acetone and isopropanol, followed by immersion in a base bath of 5% KOH 
in isopropanol for 4 h. The cell was rinsed with ultrapure water and immersed in an acid 
bath of 1% HCl for 4 h. Following the acid bath, the electrochemical cell was rinsed 
thoroughly with ultrapure water, dried at 120 ℃ for 12 h, and then cooled to room 
temperature for use. For the annihilation ECL study, a solution of dye 3.3 with a 
concentration of 0.05 mM in CH3CN containing 0.1 M [nBu4N][PF6] as the supporting 
electrolyte was prepared in an Ar-filled glove box. The electrochemical cell was sealed 
using a custom-made Teflon cap with a rubber O-ring and was removed from the glove 
box to conduct electrochemistry and ECL experiments. For coreactant ECL studies, 
different concentrations of TPrA were added to the solution used for annihilation 
experiments. These solutions were then sparged with Ar to remove dissolved oxygen. 
The electrochemical potential window was calibrated after the experiment using the 
ferrocene/ferrocenium redox couple as an internal standard. 
ECL experiments were conducted on a CHI 610A electrochemical analyzer (CH 
Instruments, Austin, TX). The ECL-voltage curves were obtained using the CHI 610 A 
coupled with a photomultiplier tube (R928, Hamamatsu, Japan) held at ‒750 V with a 
high voltage power supply. The ECL intensity was detected as a photocurrent and 
transformed to a voltage signal, using a picoammeter/voltage source (Keithley 6487, 
Cleveland, OH). The potential and current signals from the electrochemical analyzer, and 
the photocurrent signal from the picoammeter were sent simultaneously through a data 
acquisition board (DAQ 6052 E, National Instruments, Austin, TX) to a computer. The 
data acquisition system was controlled from a custom LabVIEW program (ECL-
PMT610a.vi, National Instruments, Austin, TX). The photosensitivity on the 
picoammeter was set manually to avoid the saturation.  
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Accumulated and spooling ECL spectra were obtained by placing the ECL cell onto an 
Acton 2300i spectrometer (Princeton Instruments, Trenton, NJ) with a grating of           
50 lines mm‒1 blazed at 600 nm and an Andor iDUS charge-coupled device camera 
(Model DU401-BR-DD-352) cooled to ‒65 ℃. The system was calibrated before each 
experiment using a mercury-argon lamp (Ocean Optics, HG-1). The accumulated spectra 
were recorded during eight successive potential scan cycles. The exposure time and 
kinetic series lengths were optimized to produce the clearest ECL spectra. The CHI 610A 
electrochemical analyzer and the Andor technology programs were run simultaneously. 
During ECL experiments, lights in the experimental room were switched off and blackout 
curtains were employed to reduce background interference.  
ECL quantum efficiencies (ΦECL, %), are defined as the ratio of the number of photons 
produced per electron transferred between the oxidized and reduced analyte species 
relative to the ECL standard. Due to the depleted photomultiplier tube sensitivity in the 
NIR region, the ECL might be underestimated. It is plausible that the ECL efficiencies 
measured by the Andor camera and Acton spectrograph set are more reliable. In this 
work, the ECL efficiency was determined by means of the ratio of photons under an ECL 
spectrum accumulated during eight cycles of potential scan to the charge integrated from 
the corresponding voltammogram in reference to that of the standard of 
[Ru(bpy)3][PF6]2/TPrA under the same conditions,[20, 55, 59, 62] using equation 3.7: 
ΦECL = 
(









  × 100%                 (3.7) 
where “ECL intensity” and “Current” represent integrated ECL intensity from the 
accumulated ECL spectrum and electrochemical current values respectively, “st” refers to 
the [Ru(bpy)3][PF6]2/TPrA standard and “x” refers to the analyte. 
3.4.4 X-ray Crystallography Methods 
Single crystals suitable for X-ray diffraction studies were grown by vapor diffusion of 
hexanes into a saturated CH2Cl2 solution containing dye 3.3. The sample was mounted on 
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a MiTeGen polyimide micromount with a small amount of Paratone N oil. X-ray 
diffraction measurements were made on a Bruker Kappa Axis Apex2 diffractometer at a 
temperature of 110 K. The data collection strategy involved a number of ω and φ scans 
which allowed for data acquisition over a range of angles, 2θ. The frame integration was 
performed using SAINT.[63] The resulting raw data were scaled and absorption corrected 
using a multi-scan averaging of symmetry equivalent data using SADABS.[64] The 
structure was solved by using a dual space methodology using the SHELXT program.[65] 
All non-hydrogen atoms were obtained from the initial solution. The hydrogen atoms 
were introduced at idealized positions and refined isotropically. The structural model was 
fit to the data using full matrix least-squares based on F2. The calculated structure factors 
included corrections for anomalous dispersion from the usual tabulation. The structures 
were refined using the SHELXL-2014 program from the SHELX suite of 
crystallographic software.[66] The Mercury v3.10.1 software package was used to 
generate graphical representations of the solid-state structures. See Table 3.3 and CCDC 
















FW (g mol‒1) 383.22 
Crystal Habit Purple Prism 
Crystal System Monoclinic 
Space Group P21/n 
T (K) 110 
 (Å) 0.71073 
a (Å) 9.677(2) 
b (Å) 21.608(8) 
c (Å) 18.119(6) 
 (°) 90 
 (°) 102.696(7) 
 (°) 90 
V (Å3) 3696(2) 
Z 8 
 (g cm‒3) 1.377 
m (cm‒1) 0.101 
R1a  0.0498 
R2b [I > 2σ] 0.1224 
R1 (all data) 0.0909 
R2 (all data) 0.1446 
GOFc 1.024 
aR1 = (|Fo|‒|Fc|) /  Fo, bR2 = [((Fo2‒Fc2)2) / (Fo4)]½, cGOF = [((Fo2‒Fc2)2) / 
(No. of reflns.‒No. of params.)]½ 
 
Formazan 3.4 
In air, cyanoacetic acid (2.0 g, 24 mmol) and sodium 
hydroxide (11.0 g, 280 mmol) were  dissolved in 
deionized water (500 mL). The red solution was 
cooled to 0 °C in an ice bath and stirred for 30 min. 
In a separate flask, N,N-dimethyl-p-
phenylenediamine (6.5 g, 48 mmol) was combined 
with concentrated HCl (12 M, 15 mL, 180 mmol) in deionized water  (100 mL) and 
stirred for 15 min at 0 °C. A solution of sodium nitrite (3.3 g, 48 mmol) in deionized 
water (20 mL) was also cooled to 0 °C for 15 min before it was added dropwise over a  
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15 min period to the N,N-dimethyl-p-phenylenediamine solution. The resulting red/brown 
diazonium salt solution was stirred for 10 min at 0 °C before it was added dropwise to the 
alkaline cyanoacetic acid solution described above over a 15 min period. Upon addition, 
the solution turned dark purple and a precipitate of the same colour formed. The mixture 
was stirred for 3 h before it was neutralized with 1 M HCl. This mixture was then 
transferred to a separatory funnel and the organics were extracted using CH2Cl2 (3 ×    
300 mL). The organic layer was washed with deionized water (3 × 500 mL), dried over 
MgSO4, gravity filtered, and concentrated in vacuo. The crude solid was purified by 
column chromatography (CH2Cl2, neutral alumina). The dark-purple fraction containing 
formazan 3.4 was collected and concentrated in vacuo to afford a dark-purple solid. This 
solid was recrystallized from a saturated MeOH solution to afford formazan 3.4 as a 
dark-purple microcrystalline solid. Yield = 0.87 g, 11%. M.p.: 191‒193 °C. 1H NMR 
(399.8 MHz, DMSO-d6):  12.05 (s, 1H, NH), 7.65 (d, 3JHH = 9 Hz, 4H, aryl CH), 6.81 
(d, 3JHH = 9 Hz, 4H, aryl CH), 3.00 (s, 12H, NCH3). 13C{1H} NMR (100.6 MHz, DMSO-
d6):  150.2, 138.0, 125.4, 121.3, 114.1, 112.4, 40.1. FT-IR (ATR): 3247 (w), 2899 (m), 
2856 (w), 2808 (w), 2211 (m), 1597 (s), 1511 (s), 1471 (m), 1441 (s), 1362 (s), 1253 (m),     
1230 (m), 1143 (s), 1119 (s), 1062 (s), 927 (m), 804 (s), 668 (s), 543 (s), 505 (s) cm–1. 
UV-vis (CH3CN): max 534 nm (ε = 20,700 M−1 cm−1), 307 nm (ε = 7,600 M−1 cm−1),  
269 nm (ε = 10,100 M−1 cm−1), 262 nm (ε = 10,300 M−1 cm−1). Mass Spec. (EI, +ve 
mode): exact mass calculated for [C18H21N7]+: 335.1858; exact mass found: 335.1859; 
difference: +0.3 ppm.  
 
BF2 formazanate 3.3 
Under N2, formazan 3.4 (0.85 g, 2.5 mmol) was 
dissolved in dry toluene (150 mL). NEt3 (0.87 g,        
1.2 mL, 8.6 mmol) was added slowly and the solution 
was stirred for 10 min. BF3•OEt2 (1.9 g, 1.7 mL,         
14 mmol) was added and the solution was heated with 
stirring at 80 °C for 16 h. The colour of the solution 
gradually changed from dark purple to green-blue. At this time, the solution was cooled 
to 21 °C and deionized H2O (20 mL) was added. In air, the mixture was transferred to a 
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separatory funnel and the organic layer was washed with H2O (3 × 250 mL), dried over 
MgSO4, gravity filtered, and concentrated in vacuo. The crude solid was purified using 
column chromatography (1:1 EtOAc:CH2Cl2 (v/v), neutral alumina). The dark-blue 
fraction containing BF2 formazanate 3.3 was concentrated in vacuo and triturated using 
ice-cold MeOH (6 × 5 mL) to afford a dark-purple microcrystalline solid (bronze reflex). 
Yield = 0.58 g, 60%. M.p.: 225‒227 °C. 1H NMR (599.2 MHz, CDCl3):  7.84 (d, 3JHH = 
9 Hz, 4H, aryl CH), 6.70 (d, 3JHH  = 9 Hz, 4H, aryl CH), 3.10 (s, 12H, NCH3). 11B NMR 
(128.4 MHz, CDCl3):  ‒0.4 (t, 1JBF = 32 Hz). 13C{1H} NMR (100.6 MHz, CDCl3):         
 151.3, 133.6, 124.4, 115.6, 112.2, 111.9, 40.2. 19F NMR (376.4 MHz, CDCl3):                    
 ‒137.4 (q, 1JFB = 32 Hz). FT-IR (ATR): 2900 (w), 2803 (w), 2234 (m), 1593 (s),     
1520 (m), 1368 (s), 1339 (m), 1248 (m), 1231 (m),  1166 (m), 1120 (m), 1021 (s),       
942 (m), 814 (s), 777 (m), 550 (m), 508 (m) cm–1. UV-vis (CH3CN): max 728 nm (ε = 
43,600 M−1 cm−1), 523 nm (ε = 9,000 M−1 cm−1), 369 nm (ε =   4,800 M−1 cm−1), 282 nm 
(ε = 17,200 M−1 cm−1), 262 nm (ε = 16,200 M−1 cm−1), 247 nm (ε = 15,400 M−1 cm−1). 
Mass Spec. (EI, +ve mode): exact mass calculated for [C18H20N7BF2]+: 383.1841; exact 
mass found: 383.1837; difference:  ‒1.0 ppm.  
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4.1 Introduction 
The discovery of main-group compounds with unusual structure and bonding is a major 
focus of interest in synthetic chemistry.[1-9],[10-12] In this context, the preparation of stable 
compounds containing multiple bonds to boron presents a particular challenge due to the 
electron-deficient character and compactness of the valence orbitals of the B atom. To 
address these challenges, early efforts by the Berndt, Power, and Nöth groups utilized 
strong reducing agents to access anionic diboron species with boron-boron multiple bond 
character.[13-16] More recent strategies of stabilizing double and triple bonds to boron have 
relied upon Lewis bases and/or sterically bulky substituents, as exemplified by 
compounds 4.1‒4.7.[17-22]  
The first example of a neutral diborene, compound 4.1, was reported by the Robinson 
group.[17] This molecule is stabilized by two sterically bulky and strongly -donating N-
heterocyclic carbene ligands. Notable features of 4.1 include the short B=B bond of 
1.560(18) Å and its trans-bent molecular structure. More recently, Braunschweig and co-
workers[20] isolated diboryne 4.2, the first example of a boron-boron triple bond. This 
molecule has an effectively linear geometry of the core atoms (C→B≡B←C) and a short 
B≡B bond length of 1.449(3) Å. Compounds with boron-chalcogen multiple bonds[23],[24-
26] have been isolated through the combination of strongly donating and sterically bulky 
ligands, as in compound 4.3, which was prepared via insertion of elemental Te into a 
B=Mn bond.[22] The Cui group[19] reported the anionic -diketiminate oxoborane complex 
4.4, stabilized through a hydrogen-bonding interaction and Aldridge has recently reported 
an acid-free, anionic oxoborane 4.5.[27] Thioxoborane 4.6 is the first cationic, electron-
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precise species containing a B=S bond.[21] The Braunschweig group has also prepared 
compound 4.7,[18] which contains the first example of a boron-oxygen triple bond.  
.  
Apart from their intrinsic appeal from a fundamental perspective,[28-29],[30-35] species with 
multiple bond character at boron also show promise as reagents that allow one to carry 
out difficult chemical transformations, for example, the functionalization of dinitrogen.[36-
37] While compounds containing three-[38-40] and four-[41-43] coordinate boron centres have 
been utilized in optoelectronic materials design, it may be surprising that molecules 
featuring multiple bonds involving boron have only recently emerged as viable 
candidates. So far, compounds with boron-boron multiple bonds have been shown to 
exhibit appreciable photoluminescence (PL) upon coordination to coinage metals,[44-45] 
with the photophysics of the process implicating metal-borene or metal-boryne hybrid 
orbitals. Electron-rich diborenes have also been paired with π-accepting diarylboryls to 
produce molecules with NIR PL.[46] While a wide range of photoluminescent compounds 
containing BC[47-50] or BN[51-55] bonds with orders best described as ca. 1.5 exist, to the 
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best of our knowledge, there are no reported examples of turn on PL resulting from the 
formation of a multiple bond to boron. In this work, we demonstrate that the formation of 
the oxoborane (B=O) group transforms normally non-emissive boron triarylformazanate 
complexes into highly photoluminescent compounds. More generally, we suggest that 
combining boron multiple bonds and pro-photoluminescent ligands may be an effective 
general approach for the production of photoluminescent materials.  
4.2 Results and Discussion 
Boron formazanate adducts 4.9‒4.11 were prepared according to Scheme 4.1 (Figures 
A4.1‒A4.11). BF2 formazanate 4.8[56] underwent halide exchange with BCl3 to afford 
BCl2 formazanate 4.9 as an air- and moisture-stable, dark-purple solid in 78% yield after 
an aqueous workup. As a result of this transformation, the 1:2:1 triplet observed at            
‒0.5 ppm in the 11B NMR spectrum of complex 4.8 was replaced by a singlet at 2.4 ppm 
in the spectrum of 4.9, confirming the presence of a four-coordinate boron centre. 
Complex 4.9 was surprisingly stable toward H2O, but readily reacted with CH3OH to 
give the B(OCH3)2 formazanate adduct (Figures A4.12‒A4.14) in 74% yield after column 
chromatography, probably because CH3OH is slightly more nucleophilic than H2O.[57] 
 
Scheme 4.1. Synthesis of boron formazanate adducts 4.9‒4.11. 
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The stability of BCl2 formazanate 4.9 allowed us to produce oxoborane formazanate 
complex 4.10 in a single synthetic step by mixing 4.9 with 1 equiv. of AlCl3 and H2O in 
CH2Cl2 solution. After stirring for 16 h, the solvent was removed and the residue was 
triturated with n-hexanes to afford a dark-purple microcrystalline solid in 94% crude 
yield (95% pure by 1H NMR spectroscopy). Recrystallization from CH2Cl2 and hexanes 
produced compound 4.10 as dark-purple crystals in 15% yield. Complex 4.10 gave rise to 
a broad singlet in its 11B NMR spectrum centred at 18.3 ppm that is consistent with other 
oxoboranes,[19, 26-27, 58] as well as a singlet in the 27Al NMR spectrum ( = 89.1) 
corresponding to an oxygen-bound AlCl3 fragment. The highly delocalized, nitrogen-rich 
backbone of formazanate ligands has been shown previously to stabilize radical anions 
based on B, Zn, and group-14 atoms.[59-61] Similar electronic effects are likely responsible 
for the stability of compound 4.9 toward H2O and for our ability to isolate oxoborane 
4.10 in the absence of appreciable steric bulk.     
Treatment of 4.10 with H2O resulted in the formation of boroxine 4.11, which is 
supported by three formazanate ligands, in 75% yield. The relatively simple 1H and 13C 
NMR spectra of boroxine 4.11 are indicative of C3v symmetry and the 11B NMR spectrum 
features a broad signal at ‒0.1 ppm. 
Single crystals of compounds 4.9‒4.11 were analyzed by X-ray diffraction, yielding their 
solid-state structures (Figure 4.1 and Tables 4.1, 4.2, and 4.5). The CN and NN bond 
lengths in complexes 4.9‒4.11 ranged from 1.3379(19) to 1.351(3) Å and 1.3032(16) to 
1.324(2) Å, respectively. These values are intermediate between the typical lengths of the 
respective single and double bond, which suggests that the π electrons of the formazanate 
backbone are delocalized.[62] Compounds 4.9 and 4.11 feature four-coordinate, sp3-
hybridized boron atoms that adopt distorted tetrahedral geometries and are displaced 
from the plane defined by the nitrogen atoms of the formazanate backbone(s) by an 
average distance of 0.434(2) Å (4.9) and 0.721(3) Å (4.11). In contrast, the boron atom in 
complex 4.10 deviates marginally from the ligand plane [0.065(2) Å] and is sp2-
hybridized, as evidenced by the sum of the bond angles about the boron atom 
[359.99(12)°]. Furthermore, the short boron oxygen bond [1.3059(19) Å] in compound 
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4.10 is indicative of a BO double bond[19, 24, 26-27, 58] and is significantly shorter than the 




Figure 4.1. Solid-state structures of compounds 4.9‒4.11. Anisotropic displacement 
ellipsoids are shown at the 50% probability level. Hydrogen atoms are omitted and the 
aryl-substituents in 4.11 are shown as wireframe for clarity. The asymmetric unit for 
compound 4.9 contained two unique conformers with similar bond lengths and angles. 










































Table 4.1. Selected bond lengths (Å), bond angles (°), and structural metrics extracted 
from the solid-state structures of BCl2 formazanate 4.9 and oxoborane formazanate 4.10. 
 4.9a 4.10 
 Conformer A Conformer B  
N1-N2     1.3032(16)     1.3078(17)     1.3160(17) 
N3-N4     1.3130(16)     1.3093(17)     1.3117(17) 
N2-C1     1.3410(18)     1.3379(19)     1.3403(18) 
N4-C1     1.3464(17)     1.3425(18)     1.3379(19) 
B1-N1     1.5438(19)     1.538(2)     1.4812(19) 
B1-N3     1.542(2)     1.545(2)     1.4773(19) 
B1-Cl1     1.8251(16)     1.8304(18)            ‒ 
B1-Cl2     1.8629(16)     1.8876(18)            ‒ 
B1-O1            ‒           ‒     1.3059(19) 
O1-Al1            ‒           ‒     1.7383(12) 
Al1-Cl1            ‒           ‒     2.1345(9) 
Al1-Cl2            ‒           ‒     2.1353(8) 
Al1-Cl3            ‒           ‒     2.1341(9) 
N1-B1-N3 103.13(11) 105.11(12) 110.32(12) 
N1-B1-O1        ‒        ‒ 124.54(12) 
N3-B1-O1        ‒        ‒ 125.13(13) 
N2-N1-B1 121.23(11) 122.41(12) 123.15(11) 
N4-N3-B1 121.71(11) 122.25(12) 124.40(12) 
N2-C1-N4 124.05(13) 125.11(13) 125.86(13) 
Cl1-B1-Cl2 110.89(8) 111.27(9)         ‒ 
B1-O1-Al1       ‒        ‒ 154.36(10) 
Dihedral anglesb 53.32(6), 55.85(5) 39.41(5), 44.91(5) 34.15(5), 41.55(6) 
Boron displacementc 0.488(2) 0.380(2) 0.065(2) 
aThe asymmetric unit of complex 4.9 contained two unique conformers. bDefined as the angle between 
the N-aryl substituents and the N4 (N1-N2-N3-N4) plane of the formazanate ligand backbone. cDefined 
















Table 4.2. Selected bond lengths (Å), bond angles (°), and structural metrics extracted 
from the solid-state structure of boroxine 4.11. 











































Dihedral anglesa 44.34(11), 48.03(8); 42.20(10), 44.17(9); 24.78(5), 
33.75(6) 
Boron displacementb 0.757(3), 0.665(3), 0.742(3) 
aDefined as the angle between the N-aryl substituents and the N4 (N1-N2-N3-N4, N5-N6-N7-N8, N9-
N10-N11-N12) planes of the formazanate ligands. bDefined as the distance between the boron atoms 





The electrochemical properties of BF2 formazanates such as 4.8 have been studied 
previously, revealing two sequential, generally reversible, one-electron reductions to their 
radical anion and dianion forms.[56] Replacement of the fluorides with chlorides in 
complex 4.9 resulted in irreversible electrochemical reduction (Figure A4.15). In the case 
of boroxine 4.11, the close proximity of the formazanate ligands gave rise to three 
distinct and reversible one-electron reduction waves (Ered1 = ‒1.49 V; Ered2 =  ‒1.74 V; 
Ered3 = ‒1.95 V relative to the Fc/Fc+ redox couple) corresponding to the stepwise 
formation of ligand-based radical anions en route to a triradical trianion (Figures 4.2a and 
A4.16). This behaviour is attributed to coulombic interactions that resemble those 
observed during the electrochemical oxidation of cyclic ferrocenyl dimethylsilane 
trimers.[63]  
The electronic properties of compounds 4.9‒4.11 were further investigated by analyzing 
their CH2Cl2 solutions using UV-vis absorption and PL spectroscopy (Figure 4.2b and 
Table 4.3). Complexes 4.9 and 4.11 are strongly absorbing (ε = 14,900‒43,800 M‒1 cm‒1) 
in the visible region of the electromagnetic spectrum and had broad absorption bands 
with maxima at 524 nm (4.9) and 468 nm (4.11), consistent with other four- coordinate 
boron adducts of formazanates, including compound 4.8 (520 nm, ε =                        
36,600 M‒1 cm‒1).[56, 64] In contrast, the absorption spectrum of oxoborane formazanate 
4.10 contained two low-energy bands at 569 nm (ε = 36,800 M‒1 cm‒1) and 586 nm (ε = 
36,700 M‒1 cm‒1) indicative of vibronic fine structure. The dominant orbital pair 
associated with the lowest energy absorption bands (→*) of 4.9 and 4.10 are the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO), as determined by time-dependent density-functional calculations of electronic 
excitation energies (see below and Table 4.4). Based on related studies, we assume the 









Figure 4.2. Cyclic voltammogram of a 1 mM CH2Cl2 solution of boroxine 4.11 
containing 0.1 M [nBu4N][PF6] as supporting electrolyte recorded at a scan rate of       
100 mV s‒1. The arrow denotes the scan direction. b) Selected UV-vis absorption (solid 
lines) and PL (dashed line) spectra of 10‒6 M dry and degassed CH2Cl2 solutions of 











































































Table 4.3. Spectroscopic properties of boron formazanate complexes 4.8‒4.11 recorded 
in CH2Cl2. 
Complex λmax (nm)  ε (M‒1 cm‒1) λPL (nm)  ΦPL 
(%)a 
νST (nm) νST (cm‒1) 
4.8[56] 520 36,600 640 < 1 120 3,610 
4.9 524 14,900 698  < 1 174 4,757 




636  36 50 1,342 
4.11 468  43,800 ‒ 0 ‒ ‒ 
aDetermined according to a published protocol[65] using [Ru(bpy3)][PF6]2 as a relative 
standard.[66]   
Table 4.4. Absorption and PL band maxima for boron formazanate complexes 4.8‒4.10 
in CH2Cl2 calculated by linear-response TDDFT using the PBE1PBE/DGDZVP2 
functional and the polarizable continuum model of implicit solvation. 
Complex λmax (nm) λPL (nm) νST (nm) νST (cm‒1) 
4.8 498 652 154 4,743 
4.9 512 716 204 5,565 
4.10 560 643   83 2,305 
 
We and others have previously examined the origin of the weak PL of BF2 
triarylformazanates[67],[68-69] compared to similar complexes of 3-nitro and 3-
cyanoformazanates.[64, 70] These studies have shown that non-radiative relaxation 
pathways involving rotations and/or vibrations of the carbon-bound aryl substituent[67] 
and/or structural rearrangement upon photoexcitation[68-69] lead to PL bands with low PL 
quantum yields (ΦPL) and Stokes shifts ranging from 3,070 to 3,890 cm–1. Consistent 
with those findings, complexes 4.8 (λPL = 640 nm), 4.9 (λPL = 698 nm), and 4.11 (λPL = 
N/A) were found to be essentially non-emissive in solution with ΦPL values of less than 
1% (Figure 4.3). Unexpectedly, evaluation of the PL properties of oxoborane 4.10 (λPL =   
636 nm) revealed a much smaller Stokes shift of 1,342 cm‒1 and a >36-fold enhancement 
in PL intensity (ΦPL = 36%). For comparison, the borylene and borynes mentioned earlier 
photoluminesce at wavelengths between 657 and 863 nm in toluene and their spectra 
were too weak to allow for quantum yields to be determined accurately.[44-46] Only when 
these species were paired with coinage metals such as Cu and Ag was appreciable PL 
observed (λPL 519–674 nm; ΦPL 1–77%).[44-45] To understand the striking differences 
between 4.10 and the chemically similar complexes 4.8 and 4.9, we calculated and 
compared frontier molecular orbitals, ground- and excited-state molecular geometries, as 
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well as the electronic excitation and PL spectra of the three compounds. The calculations 
were carried out using the Gaussian program[71] using the PBE1PBE functional,[72-73] the 
DGDZVP2 basis set, and the polarized continuum model of implicit solvation by CH2Cl2.  
 
Figure 4.3. PL spectra of 10‒6 M CH2Cl2 solutions of complexes 4.8‒4.11. 
 
The delocalized HOMOs and LUMOs of boron triarylformazanates 4.8–4.10 (Figure 
4.4a) show little variation and therefore cannot account for the dramatic difference 
between the PL properties of these compounds. The probable reason was revealed by 
examination of the optimized molecular geometries of 4.8–10 in their ground (S0) and 
excited (S1) electronic states. As shown in Figure 4.4b, electronic excitation of solvated 
molecules of 4.8 and 4.9 induces a drastic geometric change from strongly bent to almost 
perfectly planar structures. Such changes, characteristic of BF2 formazanate 
complexes,[69, 74] are responsible for the relatively large Stokes shifts of 4.8 and 4.9 and 
for their weak PL. By contrast, oxoborane 4.10 undergoes little distortion upon electronic 
excitation. We presume the absence of significant geometry relaxation in 4.10 to be the 
key factor through which the B=O bond attenuates non-radiative decay pathways, reduces 



























Figure 4.4. a) Frontier molecular orbitals and b) optimized geometries of boron 
triarylformazanates 4.8–4.10 calculated at the PBE1PBE/DGDZVP2 level of theory 
(CH2Cl2 solution). Hydrogen atoms in panel b) are omitted for clarity. 
 
4.3 Conclusions 
In conclusion, we have shown that the oxoborane formazanate complex 4.10 can be 
readily synthesized from complex 4.8 through air- and moisture-stable BCl2 formazanate 
complex 4.9. The product 4.10 is readily isolable and is stabilized not by steric bulk but 
by the electronic structure of the formazanate framework. Reaction of complex 4.10 with 
H2O affords a boroxine 4.11, which is supported by three redox-active formazanate 
ligands and can be converted electrochemically to a triradical trianion. Each of 














complex 4.10 is photoluminescent with a ΦPL of 36%. Electronic structure calculations 
show that, unlike complexes 4.8 and 4.9, the oxoborane 4.10 does not experience a large 
change in molecular geometry upon photoexcitation, which explains its relatively small 
Stokes shift and turn on PL behaviour.  
These findings open up opportunities to exploit the structural rigidity imposed on 
formazanate complexes by B=O bonds to design photoluminescent materials. The 
proposed approach can in principle be expanded by altering the identity of the main-
group element (E) bonded to boron or the ligand framework. In a broader sense, 
exploration of photoluminescent compounds with B=E and B≡E bonds would strengthen 
the link between current trends in main-group chemistry and optoelectronic materials 
design and may lead to the creation of a wide range of unprecedented molecular 
materials. 
4.4 Experimental Section 
4.4.1 General Considerations 
Reactions and manipulations were carried out under an N2 atmosphere using standard 
glove box or Schlenk techniques unless otherwise stated. Reagents were purchased from 
Sigma-Aldrich or Alfa Aesar and used as received. The synthesis of 1,5-(p-tolyl)-3-
phenylformazan[75] and BF2 formazanate complex 4.8[56] have been reported previously. 
Solvents were purchased from Caledon Laboratories, dried using an Innovative 
Technologies Inc. solvent purification system, collected under vacuum, and stored under 
an N2 atmosphere over 4 Å molecular sieves. CH2Cl2 used for UV-vis absorption and PL 
spectroscopy was distilled under vacuum from AlCl3 prior to use. NMR spectra were 
recorded on a 400 MHz (1H: 399.8 MHz; 13C{1H}: 100.5 MHz) or 600 MHz (1H:     
599.3 MHz; 13C{1H}: 150.7 MHz, 27Al: 156.1 MHz) Varian INOVA spectrometer at     
25 °C. 1H NMR spectra were referenced to residual CHCl3 ( = 7.27) or CDHCl ( = 
5.32) and 13C{1H} NMR spectra were referenced to CDCl3 ( = 77.2) and CD2Cl2  ( = 
53.8). 11B spectra were referenced to BF3•OEt2 ( = 0) and 27Al spectra were referenced 
relative to Al(NO3)3 ( = 0). Mass-spectrometry data were recorded in positive-ion mode 
using a high-resolution Thermo Scientific DFS (Double Focusing Sector) mass 
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spectrometer using electron impact ionization or using a Bruker microTOF II 
electrospray ionization spectrometer. FT-IR spectra were recorded on a PerkinElmer 
Spectrum Two instrument using an attenuated total reflectance accessory. UV-vis 
absorption spectra were recorded on a Cary 5000 UV-Vis-NIR spectrophotometer. Molar 
extinction coefficients were determined from the slope of a plot of absorbance against 
concentration using four solutions with known concentrations ranging between 3 and    
65 μM. PL spectra were recorded on a Photon Technology International (QM-7/2005) 
spectrometer and corrected for detector non-linearity using a correction curve supplied by 
Photon Technology International (Figure A4.17). The excitation wavelength was selected 
as the wavelength of maximum intensity in an excitation spectrum. ΦPL values (%) were 
determined using equation 4.1:  












× 100%                     (4.1) 
where I is the integrated PL intensity, A is the optical density and η is the refractive index 
of the solvent. The subscript “st” refers to standard and “x” refers to the analyte. The 
relative standard employed was [Ru(bpy3)][PF6]2 (λPL = 621 nm,  Φst = 9.5% in 
CH3CN).[66]  
4.4.2 Elemental Analysis 
Data were recorded using an Elementar Vario EL Cube (VarioElcube Software v4.0.13) 
instrument operated at 1150 C under Ar in CHNS mode. Samples were prepared in an 
MBraun Glovebox and sulfur levels were either below the detection limit (<0.2%) or not 
detected. 
4.4.3 Cyclic Voltammetry 
Cyclic voltammetry experiments were performed using a Bioanalytical Systems Inc. 
(BASi) Epsilon potentiostat and analyzed using BASi Epsilon software. Typical 
electrochemical cells consisted of a three-electrode setup including a silver pseudo-
reference electrode, glassy carbon working electrode, and platinum counter electrode. 
Experiments were run at a scan rate of 100 mV s−1 in dry and degassed CH2Cl2 solutions 
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of the analyte (1 mM) and supporting electrolyte (0.1 M [nBu4N][PF6]). Cyclic 
voltammograms were referenced relative to the ferrocene/ferrocenium redox couples   
(1 mM internal standard) and corrected for internal cell resistance using the BASi 
Epsilon software. 
4.4.4 X-ray Crystallography Methods 
Single crystals suitable for X-ray diffraction studies were grown by vapor diffusion of 
hexanes into a saturated solution of the compound in CH2Cl2 (4.9 and 4.11) at 25 °C or 
by layering a CH2Cl2 solution containing the compound with hexanes and cooling at        
‒20 °C (4.10). The samples were mounted on MiTeGen polyimide micromounts with a 
small amount of Paratone N oil. X-ray diffraction measurements were made on a Bruker 
Kappa Axis Apex2 diffractometer at a temperature of 110 K. The data collection strategy 
involved a number of ω and φ scans which allowed for data acquisition over a range of 
angles, 2θ. The frame integration was performed using SAINT.[76] The resulting raw data 
were scaled and absorption corrected using a multi-scan averaging of symmetry 
equivalent data using SADABS.[77] The structure was solved by using a dual space 
methodology using the SHELXT program.[78] All non-hydrogen atoms were obtained 
from the initial solution. One of the terminal phenyl rings in the structure of compound 
4.11 was disordered over two positions. The occupancy of the dominant conformer 
refined to a value of 0.70(1). A DFIX command was added to regularize the C-C bond 
lengths in the minor component of the disorder. The CH2Cl2 molecule in compound 4.10 
was disordered over a two-fold axis near coincident with the Cl-Cl vector. In each 
structure, the hydrogen atoms were introduced at idealized positions and allowed to ride 
on the parent atom. The structural model was fit to the data using full matrix least-squares 
based on F2. The calculated structure factors included corrections for anomalous 
dispersion from the usual tabulation. The structures were refined using the SHELXL-
2014 program from the SHELX suite of crystallographic software.[79] The Mercury 
v3.10.3 software package was used to generate graphical representations of the solid-state 




Table 4.5. X-ray diffraction data collection and refinement details for boron formazanate 
adducts 4.9‒4.11. 
 4.9 4.10•0.5CH2Cl2 4.11 
Formula C21H19BCl2N4 C21.50H20AlBCl4N4O C63H57B3N12O3  
FW (g mol‒1) 409.11 530.00 1062.63 
Crystal Habit Purple Block Purple Block Red Block 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group P21/c C2/c P21/n 
T (K) 110 110 110 
 (Å) 0.71073 0.71073 0.71073 
a (Å) 10.421(3) 28.590(8) 15.802(6) 
b (Å) 29.641(9) 10.275(3) 19.504(8) 
c (Å) 13.710(4) 22.846(7) 18.622(8) 
 (°) 90 90 90 
 (°) 108.654(8) 132.258(7) 108.940(9) 
 (°) 90 90 90 
V (Å3) 4012(2) 4967(2) 5429(4) 
Z 8 8 4 
 (g cm‒3) 1.355 1.417 1.300 
m (cm‒1) 0.338 0.534 0.082 
R1a 0.0465 0.0516 0.0599 
R2b [I > 2σ] 0.1160 0.1334 0.1436 
R1 (all data) 0.0711 0.0797 0.1003 
R2 (all data) 0.1288 0.1482 0.1705 
GOFc 1.042 1.078 1.034 
aR1 = (|Fo|‒|Fc|) /  Fo, bR2 = [((Fo2‒Fc2)2) / (Fo4)]½, cGOF = [((Fo2‒Fc2)2) / (No. of reflns.‒No. of 
params.)]½ 
 
BCl2 formazanate 4.9 
BF2 formazanate 4.8 (1.26 g, 3.35 mmol) was dissolved in dry 
toluene (60 mL) in a 250 mL Schlenk flask. BCl3 (1 M in heptane, 
10.0 mL, 10.0 mmol) was added slowly and the solution was stirred 
for 3 h before deionized H2O (15 mL) was added. In air, the resulting 
mixture was transferred to a separatory funnel and the organic layer 
was washed with H2O (75 mL), dried over MgSO4, gravity filtered, and concentrated in 
vacuo. Ice-cold n-pentane (20 mL) was added to flask and the resulting solid was 
collected via vacuum filtration. After drying, a dark-purple solid (bronze reflex) was 
obtained. The dark-purple solid was once again dissolved in dry toluene (60 mL) in a  
250 mL Schlenk flask. BCl3 (1 M in heptane, 8.50 mL, 8.50 mmol) was added slowly and 
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the solution was stirred for 3 h. At this time, deionized H2O (15 mL) was added and the 
resulting mixture was transferred to a separatory funnel in air. The organic layer was 
washed with H2O (75 mL), dried over MgSO4, gravity filtered, and concentrated in 
vacuo. Ice-cold n-pentane (20 mL) was added to flask and the resulting solid was 
collected via vacuum filtration. After drying, a dark-purple solid (bronze reflex) was 
obtained. Yield = 1.07 g, 78%. M.p.: 189‒191 °C. 1H NMR (599.2 MHz, CD2Cl2):  
8.06‒8.04 (m, 2H, aryl CH), 7.75 (d, 3JHH = 8.5 Hz, 4H, aryl CH), 7.49‒7.44 (m, 3H, aryl 
CH), 7.31 (d, 3JHH  = 8.4 Hz, 4H, aryl CH), 2.44 (s, 6H, CH3). 11B NMR (128.3 MHz, 
CD2Cl2):  2.4 (s). 13C{1H} NMR (100.6 MHz, CD2Cl2):  151.2, 142.9, 141.4, 133.5, 
130.0, 129.5, 129.2, 126.1, 125.7, 21.6. FT-IR (ATR): 3067 (w), 3039 (w), 2957 (w), 
2919 (w), 1602 (m), 1503 (m), 1345 (m), 1288 (s), 1257 (s), 1209 (s), 1173 (s), 1117 (m), 
1021 (m), 975 (s), 898 (s), 848 (s), 811 (s), 768 (s), 730 (s), 644 (s), 562 (s), 524 (s)     
cm–1. UV-vis (CH2Cl2): max 524 nm (ε = 14,900 M−1 cm−1), 364 nm (ε =                     
6,500 M−1 cm−1), 311 nm (ε = 12,500 M−1 cm−1), 251 nm (ε = 15,600 M−1 cm−1). Mass 
Spec. (EI, +ve mode): exact mass calculated for [C21H19BCl2N4]+, [M]+: 408.1080; exact 
mass found: 408.1082; difference: +0.5 ppm. Anal. Calcd. (%) for C21H19BCl2N4: C, 
61.65; H, 4.68; N, 13.69. Found: C, 61.69; H, 4.66; N, 13.46. 
 
Oxoborane formazanate 4.10 
AlCl3 (0.034 g, 0.26 mmol) was combined with dry CH2Cl2 (5 mL). 
The pale-yellow suspension was stirred at 21 °C for 5 min before 
H2O (5 µL, 0.28 mmol) was added. After stirring for 5 min, BCl2 
formazanate 4.9 (0.104 g, 0.254 mmol) was added causing an 
immediate colour change to dark purple. The reaction was stirred for 
16 h at 21 °C before the solvent was removed in vacuo leaving a 
dark-purple residue. The flask was transferred to a glovebox where the residue was 
washed with dry hexanes (3 × 5 mL) and the resulting solid was collected via vacuum 
filtration to afford a purple microcrystalline solid (crude yield = 94%, 95% purity by 1H 
NMR spectroscopy, Figure A4.4). The crude solid was recrystallized by layering a 
concentrated CH2Cl2 solution with hexanes (1:1 v/v) and cooling at ‒20 °C to yield dark-
purple crystals of oxoborane formazanate 4.10. Yield = 0.018 g, 15%. M.p.: 172‒174 °C. 
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1H NMR (599.2 MHz, CDCl3):  8.20 (d, 3JHH = 7.3 Hz, 2H, aryl CH), 8.00 (d, 3JHH =       
8.3 Hz, 4H, aryl CH), 7.61‒7.57 (m, 3H, aryl CH), 7.47 (d, 3JHH  = 8.2 Hz, 4H, aryl CH), 
2.52 (s, 6H, CH3). 11B NMR (192.2 MHz, CDCl3):  18.3 (s). 13C{1H} NMR           
(150.7 MHz, CDCl3):  144.5, 141.6, 131.9, 131.2, 131.1, 129.7, 126.9, 125.1, 21.9. 27Al 
(156.1 MHz, CDCl3):  89.1 (s). FT-IR (ATR): 3063 (s), 2916 (s), 2849 (s), 1737 (s), 
1642 (w), 1600 (w), 1500 (w), 1465 (m), 1373 (w), 1241 (s), 1163 (m), 1022 (m),        
811 (m), 720 (m), 694 (m), 668 (m), 489 (s) cm–1. UV-vis (CH2Cl2): max 586 nm (ε = 
36,700 M−1 cm−1), 569 nm (ε = 36,800 M−1 cm−1), 421 nm (ε = 13,900 M−1 cm−1),       
279 nm (ε = 22,800 M−1 cm−1), 257 nm (ε = 28,400 M−1 cm−1), 240 nm (ε =             
30,600 M−1 cm−1). Mass Spec. (ESI, +ve mode): exact mass calculated for 
[C21H20BN4O]+, [M ‒ AlCl3 + H]+: 355.1730; exact mass found: 355.1723; difference:    
‒2.0 ppm. Anal. Calcd. (%) for C21H19AlBCl3N4O•0.5CH2Cl2: C, 48.72; H, 3.80; N, 
10.57. Found: C, 48.87; H, 4.39; N, 10.34. 
 
Boroxine 4.11 
AlCl3 (0.082 g, 0.61 mmol) was combined with dry 
CH2Cl2 (15 mL). The pale-yellow mixture was stirred at 
21 °C for 5 min before H2O (11 µL, 0.61 mmol) was 
added. After stirring for 5 min, BCl2 formazanate 4.9 
(0.252 g, 0.616 mmol) was added causing an immediate 
colour change to dark purple. The reaction mixture was 
stirred for 16 h before H2O (10 mL) was added. The dark-
purple mixture immediately turned red/orange. In air, the 
mixture was transferred to a separatory funnel where the organic layer was washed with 
H2O (30 mL), dried over MgSO4, gravity filtered, and concentrated in vacuo to afford a 
dark-red film. The crude residue was purified using column chromatography (50 mL of 
silica gel) and toluene (Rf = 0.93) as the eluent. The dark-red fraction containing boroxine 
4.11 was concentrated in vacuo to afford a dark-red solid. Yield = 0.164 g, 75%. M.p.: 
219‒221 °C. 1H NMR (399.8 MHz, CD2Cl2):  8.04‒8.02 (m, 6H, aryl CH), 7.47‒7.43 
(m, 6H, aryl CH), 7.38‒7.34 (m, 3H, aryl CH), 7.20‒7.17 (m, 12H, aryl CH), 6.94 (d, 
3JHH = 8.4 Hz, 12H, aryl CH),  2.30 (s, 18H, CH3). 11B NMR (128.3 MHz, CD2Cl2):        
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 ‒0.1 (s). 13C{1H} NMR (100.6 MHz, CD2Cl2):  149.1, 143.8, 137.9, 135.2, 129.1, 
128.9, 128.8, 125.4, 124.1, 21.2. FT-IR (ATR): 3070 (w), 3032 (w), 2925 (w), 2855 (w), 
1601 (w), 1500 (m), 1351 (s), 1290 (s), 1261 (s), 1200 (s), 1169 (s), 1113 (m), 1043 (s), 
996 (s), 928 (m), 850 (m), 816 (s), 764 (s), 691 (s), 646 (m), 572 (m), 511 (s) cm–1. UV-
vis (CH2Cl2): max 468 nm (ε = 43,800 M−1 cm−1), 315 nm (ε = 57,200 M−1 cm−1),        
267 nm (ε = 41,500 M−1 cm−1). Mass Spec. (ESI, +ve mode): exact mass calculated for 
[C63H57B3N12NaO3]+, [M + Na]+: 1085.4853; exact mass found: 1085.4829; difference:   
‒2.2 ppm. Anal. Calcd. (%) for C63H57B3N12O3: C, 71.21; H, 5.41; N, 15.82. Found: C, 
70.82; H, 5.59; N, 15.34. 
 
B(OCH3)2 formazanate 
In air, BCl2 formazanate 4.9 (0.11 g, 0.27 mmol) was dissolved in 
CH3OH (25 mL) and the resulting dark-purple solution was stirred 
for 30 min. The solvent was removed in vacuo to afford a dark-
purple film. The crude residue was purified using column 
chromatography (50 mL of silica gel) using a gradient elution strategy. The column was 
flushed with CH2Cl2 (200 mL) to remove impurities. B(OCH3)2 formazanate was isolated 
using 2:1 CH2Cl2:EtOAc (v/v) (Rf = 0.90). The dark-purple fraction containing B(OCH3)2 
formazanate was concentrated in vacuo to afford a dark-purple solid. Yield = 0.80 g, 
74%. M.p.: 175‒177 °C. 1H NMR (399.8 MHz, CD2Cl2):  8.11 (d, 3JHH = 8.4 Hz, 2H, 
aryl CH), 7.97 (d, 3JHH = 8.6 Hz, 4H, aryl CH), 7.46 (t, 3JHH = 7.6 Hz, 2H, aryl CH), 7.38 
(t, 3JHH  = 7.3 Hz, 1H, aryl CH), 7.28 (d, 3JHH = 8.1 Hz, 4H, aryl CH), 2.99 (s, 6H, 
OCH3), 2.42 (s, 6H, CH3). 11B NMR (128.3 MHz, CD2Cl2):  2.0 (s). 13C{1H} NMR 
(100.6 MHz, CD2Cl2):  145.9, 144.4, 139.9, 135.7, 129.9, 129.0, 128.6, 125.2, 123.3, 
49.9, 21.4. FT-IR (ATR): 3040 (w), 2927 (w), 2823 (w), 1604 (m), 1501 (m), 1453 (m), 
1347 (m), 1300 (s), 1267 (s), 1212 (s), 1147 (s), 1104 (m), 1019 (m), 961 (m), 819 (s), 
791 (m), 766 (m), 695 (m), 566 (w), 505 (m) cm–1. UV-vis (CH2Cl2): max 549 nm (ε = 
18,000 M−1 cm−1), 317 nm (ε = 18,300 M−1 cm−1), 263 nm (ε =  18,000 M−1 cm−1). Mass 
Spec. (EI, +ve mode): exact mass calculated for [C23H25BN4O2]+, [M]+: 400.2071; exact 
mass found: 400.2078; difference: +1.7 ppm. Anal. Calcd. (%) for C23H25BN4O2: C, 
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5 Aluminum Complexes of N2O23‒ Formazanate Ligands 
Supported by Phosphine Oxide Donors 
Adapted from: 
1. Maar, R. R.; Rabiee Kenaree, A.; Zhang, R.; Tao, Y.; Katzman, B. D.; 
Staroverov, V. N.; Ding, Z.; Gilroy, J. B. Inorg. Chem. 2017, 56, 12436‒12447. 
5.1 Introduction 
Aluminum coordination chemistry is an attractive route to functional molecular materials 
for researchers working in numerous fields, including catalysis[1-5] and organic 
photovoltaics,[6-9] due to the low cost of aluminum (~$2.00 kg‒1) and its high natural 
abundance (~8% of Earth’s crust).[10] Generally, multidentate chelating ligands such as 
functionalized α-diiminates,[11-12] 8-hydroxylquinolinates,[7-9] salen,[13-14] 
bis(iminopyridines),[15-16] and dipyrrinates[17-18] are used as scaffolds to generate 
aluminum(III) coordination complexes, with many examples possessing unique 
electrochemical and spectroscopic properties. For instance, Berben and co-workers 
synthesized bis(iminopyridine) complex 5.1, which generates H2 from H+ upon 
application of a reducing potential.[19] The Coates group produced fluorinated complex 
5.2, which proved to be an effective catalyst for the polymerization of tricyclic 
anhydrides with minimal side reactivity.[20] The Nabeshima group synthesized dipyrrinate 
complex 5.3, which exhibited colourimetric and fluorometric responses to alkaline earth 
metals.[21] Ma and colleagues designed β-diketiminate complex 5.4 and demonstrated its 
use as an effective catalyst for the ring-opening polymerization of cyclic esters.[22] The 
aforementioned complexes utilize a π-conjugated, multidentate ligand with at least two 
nitrogen atoms chelated to aluminum. Another class of N-donor ligands that are 





Transition metal complexes of formazanates have been extensively studied due to the 
redox-active nature of the formazanate scaffold,[25-27] as well as their spectroscopic 
properties within the visible region of the electromagnetic spectrum as a result of charge 
transfer[28] and unique magnetic properties.[29-30] The Gilroy[31] and Otten[32] groups, have 
extensively studied boron difluoride (BF2) complexes of formazanate ligands. These 
types of compounds have been used as fluorescent cell-imaging agents,[33] acted as 
precursors to unusual boron-based heterocycles,[34-35] and employed as 
electrochemiluminescence (ECL) emitters.[36] In comparison, the coordination chemistry 
of formazanate ligands and heavier Group 13 elements (i.e., Al, Ga, In) has been 
investigated to a lesser extent.[37] In an effort to further develop Group 13 formazanate 
chemistry, we report the synthesis and physical characterization of a series of 
hexacoordinate aluminum complexes bearing two L-type phosphine oxide donors and a 
tetradentate N2O23‒ formazanate ligands. In doing so, we demonstrate the potential of this 
unique class of functional materials for use in optoelectronic applications.  
5.2 Results and Discussion 
5.2.1 Synthesis 
Formazan 5.6a was prepared by adapting a literature procedure[33] whilst formazan 5.6b 
has been reported previously.[38] Their identity and purity were confirmed using 1H, 
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13C{1H}, FT-IR, and UV-vis absorption spectroscopy and mass-spectrometry. The 1H 
NMR spectrum of formazan 5.6a includes a diagnostic NH signal ( = 15.65) and the 
corresponding UV-vis absorption spectrum contains a wavelength of maximum 
absorbance (λmax) of 558 nm, which is consistent with data obtained for related formazans 
(Figures A5.1 and A5.2).[39] Aluminum formazanate complexes were obtained by 
refluxing the parent formazan in dry and degassed toluene with Al(OiPr)3 and two 
equivalents of triphenyl-, tri-n-butyl-, or tri(ethylferrocene)phosphine oxide for 16 h 
(Scheme 5.1). The tri(ethylferrocene)phosphine oxide was prepared through careful 
oxidation of the parent phosphine[40] using H2O2 (Figures A5.3 and A5.4).  
 
Scheme 5.1. Synthesis of complexes 5.7a, 5.7b, 5.8a, and 5.9a. 
Complexes 5.7a, 5.7b, 5.8a, and 5.9a were isolated in purified yields ranging from 52 to 
86% and characterized using 1H, 13C{1H}, 31P, FT-IR, and UV-vis absorption and 
photoluminescence (PL) spectroscopy, cyclic voltammetry, and mass spectrometry 
(Figures A5.5‒A5.12). The formation of the phosphine-oxide-bound aluminum 
formazanates was evidenced by a colour change from purple to green-blue and confirmed 
by the loss of the NH resonance in the respective 1H NMR spectra. In addition, the 
31P{1H} NMR spectra of 5.7a ( = 35.3), 5.7b ( = 32.3), 5.8a ( = 58.9), and 5.9a ( = 
51.9) were comprised of a broad singlet shifted downfield relative to the free phosphine 
oxide. The broad signal is indicative of dynamic ligand exchange at room temperature. In 
the case of complex 5.7a, at ‒90 °C, three signals were observed; one due to the 
hexacoordinate complex, one due to free triphenylphosphine oxide, and one due to an 
intermediate species, likely containing a five-coordinate aluminum atom with a single 
phosphine oxide donor (Figure A5.13). Furthermore, the addition of one equivalent of 
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triphenylphosphine oxide to a solution of 5.7a yielded a 31P{1H} NMR spectrum 
comprised of a single broadened resonance at 25 °C and two signals at ‒80 °C; one due to 
the six-coordinate species and one due to free triphenylphosphine oxide (Figure A5.14). 
Given these findings, our solution-phase characterization was conducted in CH2Cl2 to 
avoid the competitive binding of polar, coordinating solvents. Furthermore, we studied 
the solution-based properties both in the presence and absence of excess phosphine oxide 
to probe the effect of ligand association/dissociation on the physical properties of the 
complexes. 
5.2.2 X-ray Crystallography 
Single crystals of 5.7a, 5.7b, 5.8a, and 5.9a suitable for X-ray analysis were grown via 
vapour diffusion of pentane into a saturated CH2Cl2 solution of the appropriate compound 
at room temperature (Figure 5.1, Table 5.1). The aluminum atoms adopt octahedral 
geometries in each solid-state structure with the four equatorial sites occupied by the 
N2O23‒ formazanate ligand and two phosphine oxide donors coordinated in the axial 
binding sites. The -electrons of the formazanate backbones are fully delocalized, as 
evidenced by the nitrogen-nitrogen and carbon-nitrogen bond lengths falling between 
those associated with single and double bonds of the respective atoms.[33] The PO bond 
lengths of 5.7a [1.4961(5) Å], 5.7b [1.502(3) Å, 1.502(3) Å], 5.8a [1.5211(11), 
1.5171(10) Å; 1.5215(10), 1.5222(11) Å][41] and 5.9a [1.512(3), 1.497(3) Å] are similar 
to those of triphenylphosphine oxide aluminum trichloride adducts [1.519(4) Å] reported 
by Burford and co-workers,[42] despite differences in the aluminum ligand field. This 
suggests that the phosphine oxides are acting as neutral L-type donors. Focusing on the 
axial Al-O bond lengths of 5.7a [1.9441(5), 1.9442(6) Å], 5.7b [1.935(4), 1.904(4) Å], 
5.8a [1.9574(11), 1.9303(11) Å; 1.9647(12), 1.9252(11) Å] and 5.9a [1.903(3),    
1.948(3) Å], it is evident they are substantially longer than those found in Burford’s 
complexes [Al-O: 1.733(4) Å],[42] but still well within the range of typical Al-O bond 
lengths (1.80‒2.0 Å).[43] We postulate that the relatively long axial Al-O bonds are a 
result of steric repulsion between the phosphorus-bound substituents and the formazanate 
ligand framework. The P-O-Al bond angles of 5.7a [162.28(4)°], 5.7b [162.3(2)°, 
157.1(2)°], 5.8a [136.60(6)°, 133.99(6)°; 137.11(7)°, 134.65(6)°], and 5.9a [139.7(2)°, 
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138.4(2)°] also fall within the range observed for other structurally characterized 
phosphine oxide complexes reported in the literature (P-O-Al: 140‒180°).[42, 44-46] The 
differences in the bond angles observed in complexes supported by aryl phosphine oxides 
5.7a and 5.7b and alkyl phosphine oxides 5.8a and 5.9a likely arise due to steric 
repulsion associated with the phosphine oxide donors and the formazanate ligand 
backbones. The Al-N and Al-O bonds of the N2O23‒ binding pocket are similar to those 
for related structures[21] and demonstrate that, in all cases, the equatorial Al-O bonds are 
significantly shorter than the axial Al-O bonds. 
 
Figure 5.1. Solid-state structures of complexes 5.7a, 5.7b, 5.8a, and 5.9a. All anisotropic 
displacement ellipsoids are shown at 50% probability. In all cases, one of the axial 
phosphine oxide donors has been shown as wireframe for clarity. Hydrogen atoms have 
been omitted for clarity. The aluminum atom in complex 5.7a resides on a 2-fold rotation 
axis parallel to the b axis. The asymmetric unit for complex 5.8a contains two unique 


































































Table 5.1. Selected bond lengths (Å) and angles (°) for complexes 5.7a, 5.7b, 5.8a, and 
5.9a. 
 5.7a 5.7b 5.8aa 5.9a 
   Conformer A Conformer B  
N1-N2 1.3023(8) 1.288(5) 1.3060(16) 1.3083(16) 1.304(6) 
N3-N4 ‒ 1.299(5) 1.3061(15) 1.3056(15) 1.306(6) 
C1-N2 1.3536(6) 1.363(7) 1.3545(18) 1.3558(18) 1.350(6) 
C1-N2’ 1.3536(6) ‒ ‒ ‒ ‒ 
C1-N4 ‒ 1.343(6) 1.3513(18) 1.3560(18) 1.357(6) 
P1-O2 1.4961(5) ‒ ‒ ‒ ‒ 
P1-O2’ 1.4961(5) ‒ ‒ ‒ ‒ 
P1-O3 ‒ 1.502(3) 1.5211(11) 1.5171(10) 1.512(3) 
P2-O4 ‒ 1.502(3) 1.5215(10) 1.5222(11) 1.497(3) 
P1-O2-Al 162.28(4) ‒ ‒ ‒ ‒ 
P1-O3-Al ‒ 162.3(2) 136.60(6) 133.99(6) 139.7(2) 
P2-O4-Al ‒ 157.1(2) 137.11(7) 134.65(6) 138.4(2) 
O1-Al 1.8314(6) 1.822(4) 1.8381(12) 1.8469(12) 1.846(3) 
O1’-Al 1.8314(6) ‒ ‒ ‒ ‒ 
O2-Al 1.9441(5) 1.837(4) 1.8372(12) 1.8444(12) 1.846(3) 
O2’-Al 1.9442(6) ‒ ‒ ‒ ‒ 
O3-Al ‒ 1.935(4) 1.9574(11) 1.9303(11) 1.903(3) 
O4-Al ‒ 1.904(4) 1.9647(12) 1.9252(11) 1.948(3) 
N1-Al 1.9709(6) 1.981(4) 1.9671(14) 1.9698(13) 1.962(4) 
N1’-Al 1.9710(6) ‒ ‒ ‒ ‒ 
N3-Al ‒ 1.986(4) 1.9683(13) 1.9711(13) 1.968(4) 
N1-Al-O1 86.11(3) 85.97(16) 86.12(5) 86.08(5) 86.03(16) 
O1-Al-O2 102.89(4) ‒ 102.95(5) 103.03(5) 102.93(16) 
O2-Al-N3 86.11(3) ‒ 85.76(5) 85.65(5) 85.86(16) 
N3-Al-N1 84.89(3) ‒ 85.18(5) 85.24(5) 85.06(16) 
O1-Al-O1’ ‒ 103.84(16) ‒ ‒ ‒ 
O1’-Al-N1’ ‒ 85.22(16) ‒ ‒ ‒ 
N1’-Al-N1 ‒ 85.00(16) ‒ ‒ ‒ 
aThe asymmetric unit determined for complex 5.8a contains two unique conformers. 
5.2.3 Absorption and Photoluminescence Spectroscopy 
The UV-vis absorption spectra recorded for complexes 5.7a, 5.7b, 5.8a, and 5.9a in 
CH2Cl2 as well as those recorded in the presence of 50 equivalents of phosphine oxide 
are presented in Figure 2, A5.15, and the data are summarized in Table 5.2.[47] Each of 
the complexes studied is strongly absorbing within the UV-vis region of the 
electromagnetic spectrum. The λmax values observed for the complexes do not change 
upon addition of excess phosphine oxide and are red-shifted relative to the parent 
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formazans (Figure A5.17) due to the increased rigidity of the molecule backbone as well 
as the anionic nature of the ligand. Complex 5.7b is photoluminescent in solution (λPL = 
690 nm, ΦPL = 2%, equation 5.1). The intensity of the luminescence reached a maximum 
when 50 equivalents of OPPh3 (λPL = 690 nm, ΦPL = 8%, equation 5.1) were added to 
analyte solutions. Considering the fact that the solution-based equilibria revealed by our 
variable-temperature NMR experiments will be heavily shifted toward the six-coordinate 
complexes in the presence of excess phosphine oxide, we believe that these complexes 
give rise to the optical properties observed. 
 
 
Figure 5.2. (a) UV-vis absorbance spectra of complexes 5.7a (L = OPPh3, R3= Ph), 5.7b 
(L = OPPh3, R3= CN), 5.8a (L = OPBu3, R3= Ph), 5.9a (L = OP(CH2CH2Fc)3, R3= Ph) 
recorded for 5 µM CH2Cl2 solutions and (b) normalized UV-vis absorbance spectra of 
complex 5.7b with 0 and 50 equivalents of OPPh3 added. (c) Structure of 5.7a and its 
M06/6-311+G(d,p) frontier molecular orbitals computed in CH2Cl2 solution at the 
































































Table 5.2. Spectroscopic and electrochemical characterization data for complexes 5.7a, 
5.7b, 5.8a, and 5.9a in the absence/presence of excess phosphine oxide. 
 λmax (nm)a Epc (V)b Epa1, Eox1 (V)b,c Epa2, Eox2  (V)b,c Epa3 (V)b 
0 equivalents phosphine oxide added  
5.7a 641 ‒1.55 0.06, ‒0.03 0.65, 0.61 ‒ 
 596     
 329     
5.7b 629 ‒1.34 0.29, 0.27 0.97, 0.93 ‒ 
 586     
 317     
5.8a 641 ‒1.54 0.03, ‒0.07 0.65, 0.63 ‒ 
 596     
 329     
5.9a 641 ‒1.54 0.01 0.63d ‒ 
 596     
 329     
50 equivalents phosphine oxide added 
5.7a 639 ‒1.75 ‒0.03 0.62 1.08d 
 596     
 329     
5.7b 630 ‒1.50 0.22, 0.19 0.88 1.08d 
 589     
 318     
5.8a 639 ‒1.68 ‒0.12, ‒0.17 0.65 1.10d 
 596     
 329     
aSpectra were recorded for 5 µM solutions of analyte in dry and degassed CH2Cl2. 
bCyclic voltammetry experiments were conducted in dry and degassed CH2Cl2 solutions 
containing ~1 mM analyte and 0.1 M [nBu4][PF6] at a scan rate of 250 mV s‒1 and 
internally referenced to the ferrocene/ferrocenium redox couple. cHalf wave oxidation 
potentials (Eox1, Eox2) are included for reversible processes. 
 
Aluminum complexes 5.7a, 5.8a, and 5.9a absorb at maxima of 329, 596, and 641 nm in 
CH2Cl2 indicating that the nature of the phosphine oxide donor [OPPh3 vs. OPBu3 vs. 
OP(CH2CH2Fc)3] had minimal effect on the spectra collected. The corresponding 
spectrum recorded for complex 5.7b was qualitatively similar (λmax = 317, 586, 629 nm), 
although less intense and blue-shifted, due to decreased electronic delocalization 
associated with the 3-cyano substituent of 5.7b compared to the 3-phenyl substituents of 
5.7a, 5.8a, and 5.9a. Similar to iron(III) and cobalt(III) complexes of 5.6b,[25] the spectra 
of the aluminum(III) complexes recorded in this study each contain two low-energy 
absorption features between 500 and 700 nm.  
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To aid interpretation of the UV-vis absorption spectra of 5.7a, 5.7b, 5.8a, and 5.9a, we 
used time-dependent density-functional theory (TDDFT) as implemented in the Gaussian 
09 program[48] to calculate the five lowest electronic excitation energies of one of these 
complexes, 5.7a, in CH2Cl2 solution at the experimental solid-state geometry of the 
molecule. As a means of reducing the bias associated with the use of one particular 
methodology, we employed four different density-functional approximations: M06,[49] 
M06-2X,[49] PBE1PBE,[50] and LC-ωPBE.[51] The 6-311+G(d,p) basis set was adopted in 
all cases, and solvation effects were treated implicitly using the polarizable continuum 
model. These calculations consistently predicted a very strong first absorption at 
wavelengths ranging from 563 to 636 nm, depending on the functional (see Table A5.1). 
We identified this lowest-energy transition with the intense experimental absorption band 
at λmax = 639 nm. The second-lowest excitation was predicted to occur at a much shorter 
wavelength ranging between 426 and 507 nm, depending on the functional (Table A5.1), 
and had a very low intensity, in stark contrast with the observed spectrum which contains 
a strong absorption band with a maximum at 596 nm (Figure 5.2a,b). The clear absence 
of a second strong band above 450 nm in any of the calculated spectra led us to conclude 
that the observed λmax = 596 nm band is not a pure electronic excitation but rather a 
vibronic transition associated with rigid N2O23‒ formazanate backbone. The remaining 
bands observed at λmax = 329 nm and below appear to correspond to the third-lowest and 
higher electronic excitations seen in all of the calculated spectra (Table A5.1).  
The calculations also revealed that the highest occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO) were the dominant orbital pair 
involved in the lowest energy excitation (→*). The HOMO and LUMO isosurfaces 
(Figure 5.2c) are indicative of highly delocalized electronic structures and closely 
resemble those of related boron difluoride formazanate complexes,[52-53] with minor 
orbital contributions located on the oxygen atoms of the phosphine oxide donors. The 
lack of frontier orbital density on the phosphorus atoms and their substituents are 
consistent with the experimental observation that the phosphine oxide donors have a 
negligible effect on the low-energy absorption maxima of the aluminum complexes 




The electrochemical properties of complexes 5.7a, 5.7b, 5.8a, and 5.9a were studied 
using cyclic voltammetry, as were solutions containing 50 equivalents of phosphine oxide 
(Figure 5.3, A5.18 and A5.19 and Table 5.2).[54] The voltammograms recorded were 
qualitatively similar in the absence/presence of excess phosphine oxide. Each complex 
gave rise to both reductive and oxidative events within the potential window of CH2Cl2. 
Upon scanning to positive potentials, each complex underwent two sequential one-
electron oxidations corresponding to the formation of ligand-centred radical cations and 
dications. The reversibility of these events was affected by the presence of excess 
phosphine oxide, potentially as a result of poor solution conductivity. Under these 
conditions, a third oxidation event also emerged at anodic peak potentials (Epa) of 1.08‒
1.10 V, relative to the ferrocene/ferrocenium redox couple. Upon scanning to negative 
potentials, each complex was reduced electrochemically by one-electron at cathodic peak 
potentials (Epc) between ‒1.34 and ‒1.75 V to form the corresponding ligand-centred 
radical anions. The cyclic voltammogram of complex 5.9a (Figure A5.19) shared many 
of the features described above, but was comprised of an intense cathodic peak observed 
at ca. ‒0.12 V. This is likely a result of electrode fouling due to the formation of 
insoluble species comprised of a formazanate-based cation and up to six ferrocenium 
cations and stripping upon cathodic scanning. As we are most interested in the six-
coordinate complexes in solution, the data collected for solutions containing 50 
equivalents of phosphine oxide will be discussed below. Changing the R3-substituent 
from Ph in 5.7a to CN in 5.7b resulted in a shift in the first (ΔEpa1) and second (ΔEpa2) 
oxidation events by 0.25 V and 0.26 V, respectively. This can be attributed to the 
electron-withdrawing character of the 3-cyano substituent relative to the 3-phenyl 
substituent.[55] Altering the axial ligand from triphenylphosphine oxide (5.7a) to tri-n-
butylphosphine oxide (5.8a) had a less dramatic effect on the oxidation potentials 
observed (ΔEpa1 = ‒0.09 V, ΔEpa2= 0.02 V). Upon scanning to negative potentials, we 
observed irreversible one-electron reductions for each complex, likely associated with the 
formation of a ligand-centred radical anion. Substituent variation at the 3-position in 5.7a 
and 5.8a once again resulted in a shift in reduction potential of 0.25 V. The nature of the 




Figure 5.3. Cyclic voltammograms recorded for (a) complex 5.7a (L = OPPh3, R3= Ph) 
and (b) complex 5.7b (L = OPPh3, R3= CN in degassed CH2Cl2 containing ~1 mM 
analyte and 0.1 M [nBu4N][PF6] at a scan rate of 250 mV s‒1 with 0 (black lines) and       
50 equivalents OPPh3 (blue lines). The arrows denote the scan direction. 
 
5.2.5 Electrochemiluminescence Studies 
Based on the unique PL and electrochemical properties of complex 5.7b in the presence 
of 50 equivalents of OPPh3, we conducted ECL studies. In the absence of a coreactant, 
ECL was not detected between ‒2.25 and 1.25 V, relative to the ferrocene/ferrocenium 
redox couple. Figure 5.4a displays the cyclic voltammogram along with the 
corresponding ECL-voltage curve for 5.7b in the presence of 5 mM TPrA. The 
introduction of a coreactant often results in enhanced ECL, as the coreactant and analyte-
based radicals required to produce the excited state exist at similar potentials. The 
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electrogenerated radical TPrA• has emerged as a useful coreactant for the enhancement of 
ECL. The first ECL peak observed for 5.7b in the ECL-voltage curve appears at 0.51 V, a 
potential at which 5.7b+• and TPrA• coexist.[56-57] When these species meet in the vicinity 
of the working electrode, we postulate that a single electron is transferred from TPrA• to 
5.7b+•, generating an excited state (5.7b*) which returns to the ground state via radiative 
relaxation.  
When scanning towards more positive potentials, a second ECL maximum was observed 
at a potential of 0.86 V, whereby 5.7b2+ is produced in the vicinity of the working 
electrode. Based on conclusions drawn from detailed studies of related BF2 adducts of 
formazanates,[36] we postulate that the dication is implicated in a comproportionation 
reaction (5.7b2+ + 5.7b → 2 5.7b+•), ultimately resulting in the production of 5.7b+• in the 
vicinity of the working electrode that can further react with TPrA• to produce the excited 
state 5.7b*. The relatively low ECL intensity at this potential is a reflection of the poor 
stability of dication 5.7b2+ in solution. Upon scanning the potential in the reverse 
direction, the ECL intensity decreased due to reduced concentrations of TPrA• and 5.7b+•. 
The ECL efficiency of the 5.7b/TPrA system was calculated to be 7% relative to the 
[Ru(bpy)3][PF6]2/TPrA system under identical conditions using equation 5.2.  
The ECL of the 5.7b/TPrA system was further studied with ECL spectroscopy. The PL 
spectrum of 5.7b revealed a maximum intensity at 690 nm, while the ECL accumulated 
spectrum obtained in the course of two consecutive potential scan cycles between            
‒0.24 V and 1.26 V had maximum intensity at a wavelength of 735 nm (Figure 5.4b). 
The 45 nm difference between the PL and ECL maxima is likely a result of the inner-
filter effect caused by self-absorption,[58] but we cannot conclusively rule out excimer 
formation[59-60] as boron difluoride complexes of formazanate ligands have been shown to 
aggregate via a number of different -type interactions during studies of their 
aggregation-induced emission.[61]  
Spooling ECL spectroscopy is an ideal technique to real-time monitor the evolution and 
devolution of ECL during the scanning of applied potentials.[62] As shown in Figure 5.4c, 
the ECL onset potential was found at t = 10 s (0.26 V), and the ECL spectra showed a 
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peak wavelength of 735 nm. The ECL reached its maximum intensity at t = 15 s (0.51 V). 
The ECL evolution and devolution patterns demonstrated by spooling spectroscopy agree 
well with the ECL-voltage curve exhibited in Figure 5.4a. Furthermore, Figure 5.4d and 
5.4e demonstrate that there is no shift in the ECL peak wavelength during the potential 
scanning, indicating that there is a single excited state implicated during ECL evolution 
and devolution. This conclusion agrees well with the ECL mechanisms described above.  
 
 
Figure 5.4. (a) Cyclic voltammogram (red) and ECL-voltage curve (blue) collected for a 
CH2Cl2 solution containing 0.6 mM of complex 5.7b, 5 mM TPrA, 30 mM OPPh3, and 
0.1 M [nBu4N][PF6] as supporting electrolyte. (b) PL spectrum of complex 5.7b (red) and 
accumulated ECL spectrum of complex 5.7b/TPrA (blue) in CH2Cl2. (c) Spooled ECL 
spectra, (d) evolution, and (e) devolution spectra collected for a CH2Cl2 solution 
containing 0.6 mM of complex 5.7b, 5 mM TPrA, 30 mM OPPh3, and 0.1 M 
[nBu4N][PF6] as supporting electrolyte acquired by reversibly scanning between ‒0.24 V 




We have synthesized a new family of aluminum(III) complexes of N2O23‒ formazanate 
ligands supported by L-type phosphine oxide donors. The aluminum atoms in these 
complexes exist in octahedral geometries in the solid state, with the formazanate ligands 
occupying the four equatorial coordination sites and two phosphine oxide donors 
occupying the axial sites. Each of the complexes can be oxidized or reduced 
electrochemically, as evidenced by cyclic voltammetry experiments; the nature of the 
axial phosphine oxide had a less dramatic effect on the anodic/cathodic peak potentials, 
whereas replacing the 3-phenyl substituent with an electron-withdrawing 3-cyano 
substituent shifted both the reduction and oxidation potentials to more positive values. 
Similarly, the identity of the axial phosphine oxide had minimal influence over the 
observed UV-vis absorbance maxima, whereas the introduction of a 3-cyano substituent 
resulted in a blue-shift in λmax. TDDFT calculations revealed that the HOMO and LUMO 
of the respective compounds were the dominant orbital pair involved in the lowest-energy 
transition. We also investigated the solution-based equilibria associated with phosphine-
oxide ligation/dissociation and confirmed that the PL intensity of the six-coordinate 
complex 5.7b was maximized in the presence of excess ligand. The unique 
electrochemical and PL properties of 5.7b prompted us to study its 
electrochemiluminescence properties in the presence of tri-n-propylamine and excess 
OPPh3, revealing an ECL maximum that was red-shifted by ca. 45 nm relative to the PL 
maximum wavelength recorded independently. These studies have demonstrated the 
potential of six-coordinate aluminum formazanate complexes as functional materials. 
5.4 Experimental Section 
5.4.1 General Considerations 
Reactions and manipulations were carried out under an N2 atmosphere using standard 
glove box or Schlenk techniques unless otherwise stated. Reagents were purchased from 
Sigma-Aldrich or Alfa Aesar, stored at room temperature, and used as received unless 
otherwise specified. TPrA was stored at 4 C. Solvents were purchased from Caledon 
Laboratories, dried using an Innovative Technologies Inc. solvent purification system, 
122 
 
collected under vacuum, and stored under an N2 atmosphere over 4 Å molecular sieves. 
Tri(ethylferrocene)phosphine[40] and formazan 5.6b[38] were synthesized according to 
literature procedures. NMR spectra were recorded on 400 MHz (1H: 399.8 MHz; 
13C{1H}: 100.5 MHz) or 600 MHz (1H: 599.3 MHz; 13C{1H}: 150.7 MHz, 31P:         
242.6 MHz) Varian INOVA spectrometers at 25 °C or at variable temperatures. 1H NMR 
spectra were referenced to residual CHCl3 ( = 7.27) or C6D5H ( = 7.16), and 13C{1H} 
NMR spectra were referenced to CDCl3 ( = 77.0) or C6D6 ( = 128.1). 31P NMR spectra 
were referenced with respect to H3PO4 ( = 0). Mass-spectrometry data were recorded in 
positive-ion mode using a high-resolution Finnigan MAT 8200 spectrometer using 
electron impact ionization or a Micromass LCT electrospray time-of-flight mass-
spectrometer. UV-vis absorption spectra were recorded using a Cary 5000 UV-Vis-NIR 
spectrophotometer for solutions of the analyte in the absence/presence of excess 
phosphine oxide. Molar extinction coefficients were determined from the slope of a plot 
of absorbance against concentration using four solutions with known concentrations 
ranging between 5 and 50 μM. PL spectra of 0.08 mM CH2Cl2 solutions were recorded 
on a Photon Technology International (QM-7/2005) spectrometer at an excitation 
wavelength of 467 nm. ΦPL values (%) were determined using equation 5.1: 












× 100%                     (5.1) 
where I is the integrated PL intensity, A is the optical density and η is the refractive index 
of the solvent. The subscript “st” refers to standard and “x” refers to the analyte. Infrared 
spectra were recorded on a PerkinElmer Spectrum Two instrument using an attenuated 
total reflectance accessory. The relative standard employed was [Ru(bpy)3][PF6]2 in 
CH3CN (Φst = 9.5%).[63] Elemental analyses (C, H, N) were carried out by Laboratoire 
d’Analyse Élémentaire de l’Université de Montréal, Montréal, QC, Canada or Canadian 
Microanalytical Services Ltd., Delta, BC, Canada.  
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5.4.2 Purity of New Compounds 
The purity of new compounds described in this study was demonstrated by providing 
clean 1H, 13C{1H}, and 31P NMR spectra, high-resolution mass-spectrometry, and 
elemental analysis data. For complexes 5.7a, 5.7b, and 5.8a, elemental analysis for 
carbon was consistently low, while H and N analysis matched well across several 
independent batches. However, these data are provided to illustrate the best values 
obtained to date.  
5.4.3 Cyclic Voltammetry 
Cyclic voltammetry experiments were performed in an Ar-filled glovebox using a 
Bioanalytical Systems Inc. (BASi) Epsilon potentiostat and analyzed using BASi Epsilon 
software. Typical electrochemical cells consisted of a three-electrode setup including a 
silver pseudo-reference electrode, glassy carbon working electrode, and platinum 
counter-electrode. Experiments were run at a scan rate of 250 mV s−1 in dry and degassed 
CH2Cl2 solutions of the analyte (1 mM), phosphine oxide (~50 mM), and supporting 
electrolyte (0.1 M [nBu4N][PF6]). Cyclic voltammograms were referenced relative to the 
ferrocene/ferrocenium or decamethylferrocene/decamethylferrocenium redox couples  
(1 mM internal standard) and corrected for internal cell resistance using the BASi 
Epsilon software. The decamethylferrocene/decamethylferrocenium oxidation wave was 
found at ‒0.55 V relative to ferrocene/ferrocenium under identical conditions. 
5.4.4 Electrochemiluminescence Measurements 
ECL experiments were carried out in a conventional three-electrode cell at room 
temperature in a 25 cm length glass cylinder cell with an inner diameter of 2.5 cm and 
equipped with a flat Pyrex window at the bottom for light detection. A 2 mm diameter 
platinum disk inlaid in a glass sheath and two coiled platinum wires were used as 
working, counter-, and pseudo-reference electrodes. Before each experiment, the working 
electrode was polished carefully with 0.1 and 0.05 μm alumina slurry on a cloth pad to 
obtain a mirror finish and washed repeatedly with deionized water. The working 
electrode was then electrochemically polished in 0.1 M H2SO4 between ‒1.0 and 1.0 V at 
a scan rate of 0.5 V s‒1 to obtain a clean and reproducible Pt surface. The working 
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electrode was finally washed repeatedly with deionized H2O and dried with a stream of 
Ar. The counter- and reference-electrodes were sonicated in deionized H2O for 5 min 
before they were thoroughly rinsed with deionized H2O, dried at 120 C for 12 h, and 
cooled to room temperature before use. For coreactant ECL experiments, 5 mM TPrA 
was added to a 0.6 mM solution of 5.7b in dry CH2Cl2 containing 30 mM OPPh3 and 0.1 
M [nBu4N][PF6] as the supporting electrolyte and degassed with Ar to remove dissolved 
oxygen. The electrochemical potential window was calibrated after the experiment using 
the ferrocene/ferrocenium redox couple as an internal standard. 
ECL experiments were conducted using a CH Instruments (CHI 610A) electrochemical 
analyzer. The ECL intensity was detected as a photocurrent by a Hamamatsu 
photomultiplier tube (R928) and transformed to a voltage signal using a Keithley 6487 
picoammeter/voltage source. The sensitivity setting on the picoammeter was set manually 
to avoid photosaturation. The potentials, current signals from the electrochemical 
analyzer, and the ECL photocurrent signal from the picoammeter were sent 
simultaneously through a National Instruments data acquisition board (DAQ 6052E) to a 
computer. The data acquisition system was controlled from a custom-made National 
Instruments LabVIEW program (ECL-PMT610a.vi). Accumulated and spooling ECL 
spectra were obtained by placing the ECL cell onto a Princeton Instruments Acton 2300i 
spectrometer with a grating of 50 l mm‒1 blazed at 600 nm and an Andor Technology 
CCD camera (Andor iDUS, model DU401-BR-DD-352) cooled at ‒65 C. The system 
was calibrated before each experiment using an Ocean Optics Mercury-Argon lamp. The 
exposure time and kinetic series lengths were optimized to produce the clearest ECL 
spectra. The CHI 610A electrochemical analyzer and the Andor technology programs 
were run simultaneously. Accumulated ECL spectra were recorded during four 
successive scan segments in each experiment. For the spooling ECL spectroscopy 
studies, the following parameters for a cyclic potential scan at 25 mV s‒1 in the range 
between ‒0.24 and 1.26 V, for instance, were used for the Andor Technology program 
under the kinetic parameters option tab: exposure time = 2 s, number of accumulations = 
1, kinetic series length = 60, kinetic cycle time = 1, and the spectrometer was centered at 
546 nm using the 50 l mm‒1 grating. During ECL experiments, the lights in the 
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experimentation room were switched off and blackout curtains were employed to reduce 
background interference.  
ECL efficiency, ΦECL (%), was determined by comparing the ratio of the integrated ECL 
intensity to the charge of the analyte in reference to that of [Ru(bpy)3][PF6]2/TPrA,[56, 60, 












  × 100%                 (5.2) 
where “ECL” and “Current” represent ECL intensity and electrochemical current values 
respectively, “st” refers to the [Ru(bpy)3][PF6]2/TPrA standard and “x” refers to the 
analyte.   
5.4.5 X-ray Crystallography Methods 
Single crystals for X-ray diffraction studies were grown by vapor diffusion of pentane 
into a saturated solution of the compound in CH2Cl2 (5.7a, 5.7b, 5.8a, and 5.9a). Samples 
were mounted on a MiTeGen polyimide micromount with a small amount of Paratone N 
oil. X-ray diffraction measurements were made on a Bruker Kappa Axis Apex2 (5.7a and 
5.8a) or Nonius KappaCCD Apex2 (5.7b and 5.9a) diffractometer at a temperature of 
110 K. The data collection strategy involved a number of ω and φ scans which allowed 
for data acquisition over a range of angles, 2θ. The frame integration was performed 
using SAINT.[66] The resulting raw data were scaled and absorption corrected using a 
multi-scan averaging of symmetry equivalent data using SADABS.[67] The structure was 
solved by using a dual space methodology using the SHELXT program.[68] All non-
hydrogen atoms were obtained from the initial solution. The hydrogen atoms were 
introduced at idealized positions and allowed to ride on the parent atom. The structural 
model was fit to the data using full matrix least-squares based on F2. The calculated 
structure factors included corrections for anomalous dispersion from the usual tabulation. 
The electron density difference map of 5.9a showed regions that could not be modeled 
accurately. Thus, the  PLATON SQUEEZE program[69] was used, and analysis was 
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continued on these data. The structure was refined using the SHELXL-2014 program 
from the SHELXTL program package.[70] See Table 5.3 and CCDC 1548211‒1548213 
and 1553985 for additional crystallographic data.  
 
Table 5.3. X-ray diffraction data collection and refinement details for complexes 5.7a, 
5.7b, 5.8a, and 5.9a. 




FW (g mol‒1) 912.85 946.70 792.92 1728.69 
Crystal Habit Purple Plate Purple Plate Purple Plate Purple Plate 
Crystal System Monoclinic Monoclinic Triclinic Triclinic 
Space Group C2/c P21/c P1̅ P1̅ 
T (K) 110 110 110 110 
 (Å) 0.71073 1.54178 0.71073 1.54178 
a (Å) 13.890(4) 22.043(5) 12.461(4) 11.400(2) 
b (Å) 24.595(7) 18.941(4) 15.234(4) 15.148(3) 
c (Å) 13.426(2) 11.009(2) 23.758(8) 23.291(4) 
 (°) 90 90 87.357(13) 89.447(6) 
 (°) 94.829(5) 91.778(9) 89.996(14) 82.039(6) 
 (°) 90 90 80.122(10) 86.325(4) 
V (Å3) 4570.2(19) 4594.2(18) 4438(2) 3975.0(13) 
Z 4 4 4 2 
 (g cm‒3) 1.327 1.369 1.187 1.444 
m (cm‒1) 0.168 2.538 0.162 9.466 
R1a  0.0401 0.0790 0.0479 0.0651 
R2b [I > 2σ] 0.1116 0.2011 0.1106 0.1622 
R1 (all data) 0.0528 0.1017 0.0851 0.0788 
R2 (all data) 0.1211 0.2183 0.1272 0.1739 
GOFc 1.054 1.064 1.019 1.042 
aR1 = (|Fo|‒|Fc|) /  Fo, bR2 = [((Fo2‒Fc2)2) / (Fo4)]½, cGOF = [((Fo2‒Fc2)2) / (No. of reflns.‒No. of 
params.)]½ 
 
Formazan 5.6a  
In air, phenylpyruvic acid (1.07 g, 6.52 mmol) and sodium 
hydroxide (2.68 g, 67.0 mmol) were dissolved in deionized water 
(150 mL). The pale-yellow solution was cooled to ‒10 °C in an 
acetone/ice bath and stirred for 30 min. In a separate flask,            
2-aminophenol (2.02 g, 18.5 mmol) was combined with 
concentrated sulfuric acid (5.52 g, 3.00 mL, 56.3 mmol) in 
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deionized water (13 mL) and stirred for 15 min at ‒10 °C. A solution of sodium nitrite 
(1.34 g, 19.4 mmol) in deionized water (6 mL) was also cooled to ‒10 °C for 15 min 
before it was added dropwise over a 15 min period to the 2-aminophenol solution. The 
resulting red/brown diazonium salt solution was stirred for 10 min at ‒10 °C before it was 
added dropwise to the alkaline phenylpyruvic acid solution described above over a        
15 min period. Upon addition, the solution turned dark red/purple and a precipitate of the 
same colour formed. The mixture was stirred for 3 h before the precipitate was collected 
by vacuum filtration to afford a dark-purple solid. This solid was dissolved in EtOAc and 
transferred to a neutral alumina column (1.0″ × 3.0″). Using EtOAc as eluent, 1,5-bis(2-
hydroxyphenyl)-3-phenylformazan (Rf = 0.95) was isolated from the column and 
concentrated in vacuo. The dark-purple solid was triturated with chilled MeOH (~15 mL) 
and collected via vacuum filtration to afford 1,5-bis(2-hydroxyphenyl)-3-phenylformazan 
as a dark-purple microcrystalline solid. Yield = 0.21 g, 10%. M.p.: 166‒168 °C. 1H NMR 
(599.3 MHz, CDCl3):  15.65 (s, 1H, NH), 11.02 (s, 2H, OH), 7.80 (d, JHH = 7 Hz, 2H, 
aryl CH), 7.48 (t, JHH = 8 Hz, 2H, aryl CH), 7.43‒7.41 (m, 3H, aryl CH), 7.22‒7.19 (m, 
2H, aryl CH), 7.03‒7.00 (m, 4H, aryl CH). 13C{1H} NMR (150.7 MHz, CDCl3):  150.4, 
138.9, 135.5, 132.3, 129.3, 129.0, 128.6, 125.3, 124.1, 120.6, 118.3. FT-IR (ATR):    
3314 (br, s), 3057 (w), 1601 (m), 1581 (m), 1589 (s), 1507 (s), 1463 (s), 1222 (s),       
1208 (s), 1147 (s), 1031 (m) 737 (s), 686 (s), 649 (s), 605 (s), 579 (m), 536 (m) cm‒1. 
UV-vis (CH2Cl2): max 558 nm (ε = 16,300 M−1 cm−1), 309 nm (17,200 M−1 cm−1),      
289 nm (ε = 16,200 M‒1 cm‒1). MS (EI = +ve mode): exact mass calculated for 
[C19H16N4O2]+: 332.1273; exact mass found: 332.1267; difference: −2.0 ppm. 
Tri(ethylferrocene)phosphine Oxide 
In air, tri(ethylferrocene)phosphine (0.50 g, 0.75 mmol) was 
dissolved in THF (10 mL) in a 50 mL flask. Using a 250 μL 
syringe, a 2.87 M H2O2 solution (0.25 mL,  0.72 mmol) was 
added to the phosphine solution. After stirring for 3 h, the 
resulting solution was concentrated in vacuo. The dark 
orange residue was dissolved in CHCl3 and transferred to a 
silica gel column (1.5″ × 8.5″). Using 1:1 hexanes:EtOAc as 
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eluent, tri(ethylferrocene)phosphine (Rf = 0.66) was isolated from the column before 
tri(ethylferrocene)phosphine oxide was eluted using EtOAc (Rf = 0.54). The solution 
containing tri(ethylferrocene)phosphine oxide was concentrated in vacuo to yield an 
orange solid. Yield = 0.43 g, 87%. M.p.: 140‒142 °C. 1H NMR (599.3 MHz, CDCl3): δ 
4.13 (s, 15H, C5H5), 4.11 (s, 12H, C5H4R), 2.71‒2.60 (m, 6H, CH2), 2.00‒1.88 (m, 6H, 
CH2). 13C{1H} NMR (150.7 MHz, CDCl3): δ 88.1 (d, JCP = 15 Hz), 68.6, 67.9, 67.6, 30.1 
(d, JCP = 64 Hz), 22.0 (d, JCP = 3 Hz). 31P{1H} NMR (242.6 MHz, CDCl3): δ 45.6 (s). FT-
IR (ATR): 3082 (w), 2906 (w), 1444 (w), 1471 (w), 1410 (w), 1323 (w), 1226 (w),    
1212 (w), 1191 (w), 1170 (w), 1159 (m), 1156 (m), 1104 (s), 1045 (w), 998 (s), 941 (w), 
921 (7), 810 (s), 774 (m), 733 (w),  674 (w), 668 (w) cm−1. UV-Vis (CH2Cl2): λmax      
438 nm (ε = 350 M–1 cm–1). Mass Spec. (EI, +ve mode): exact mass calculated for 
[C36H39Fe3OP]+: 686.0787; exact mass found: 686.0794; difference: +1.0 ppm. Anal. 
Calcd. (%) for C36H39Fe3OP: C, 63.01; H, 5.73. Found: C, 62.70; H, 6.01. 
 
Representative Procedure for the Preparation of Aluminum Formazanate 
Complexes 5.7a, 5.7b, 5.8a, and 5.9a. 
 
Complex 5.7a 
Formazan 5.6a (0.39 g, 1.2 mmol) was dissolved in dry toluene 
(40 mL) and stirred for 5 min before Al(OiPr)3 (0.26 g, 1.3 mmol) 
was added. The resulting purple mixture was stirred for 5 min 
before triphenylphosphine oxide (0.69 g, 2.5 mmol) was added 
and the mixture heated at 120 °C for 16 h. The colour of the 
mixture gradually changed from dark purple to green-blue. At this 
time, the mixture was cooled to 20 °C and concentrated in vacuo. 
In air, the dark-purple solid was washed with hexanes (~50 mL) 
and collected via vacuum filtration. The crude solid was recrystallized by vapor diffusion 
of pentane into a saturated CH2Cl2 solution to afford dark-purple plates. Yield = 0.77 g, 
70%. M.p.: 218−220 °C. 1H NMR (599.3 MHz, CDCl3):  8.18 (d, JHH = 8 Hz, 2H, aryl 
CH), 7.87 (d, JHH = 8 Hz, 2H, aryl CH), 7.54‒7.32 (m, 33H, aryl CH), 7.14 (t, JHH =        
8 Hz, 2H, aryl CH), 6.96 (d, JHH = 8 Hz, 2H, aryl CH), 6.79 (t, JHH = 8 Hz, 2H, aryl CH). 
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13C{1H} NMR (150.7 MHz, CDCl3):  157.4, 145.5, 140.4, 138.6, 132.8, 132.1 (d, JCP = 
12 Hz), 129.3, 128.7 (d, JCP = 12 Hz), 128.2, 127.1, 125.6, 117.5, 117.4, 114.2. 31P{1H} 
NMR (242.6 MHz, CDCl3):  35.3. FT-IR (ATR): 3054 (m), 1590 (m), 1472 (m),      
1438 (m), 1305 (s), 1242 (s), 1180 (s), 1121 (s), 895 (m), 724 (s), 692 (s), 538 (s) cm–1. 
UV-vis (CH2Cl2): max 641 nm (ε = 28,000 M−1 cm−1; with 50 equiv. OPPh3 max 639 nm 
[ε = 26,600 M−1 cm−1]), 596 nm (ε = 21,800 M−1 cm−1; with 50 equiv. OPPh3 ε =     
20,500 M−1 cm−1), 329 nm (ε = 19,300 M−1 cm−1; with 50 equiv. OPPh3 ε =              
16,300 M−1 cm−1). Mass Spec. (ESI, +ve mode): exact mass calculated for 
[C55H43AlN4O4P2 + Na]+: 935.2473; exact mass found: 935.2477; difference: +0.4 ppm. 
Anal. Calcd. (%) for C55H43AlN4O4P2: C, 72.36; H, 4.75; N, 6.14. Found: C, 71.71; H, 
5.09; N, 6.17. 
 
Complex 5.7b 
From formazan 5.6b (0.40 g, 1.4 mmol), Al(OiPr)3 (0.52 g,       
2.6 mmol), and triphenylphosphine oxide (0.85 g, 3.1 mmol). 
Yield = 0.88 g, 73% of dark-purple needles. M.p.: 239−241 °C. 
1H NMR (599.3 MHz, CDCl3):  7.54‒7.51 (m, 8H, aryl CH), 
7.43‒7.35 (m, 24H, aryl CH), 7.10 (t, JHH = 8 Hz, 2H, aryl CH), 
6.82 (d, JHH = 8 Hz, 2H, aryl CH), 6.65 (t, JHH = 8 Hz, 2H, aryl 
CH). 13C{1H} NMR (150.7 MHz, CDCl3):  159.4, 138.6, 132.4, 132.1 (d, JCP = 10 Hz), 
130.1, 129.1, 128.5 (d, JCP = 13 Hz), 123.9, 120.4, 118.5, 116.2, 114.6. 31P{1H} NMR 
(242.6 MHz, CDCl3):  32.3.  FT-IR (ATR): 3063 (w), 2921 (w), 2217 (m), 1589 (m), 
1471 (m), 1439 (s), 1356 (s), 1305 (s), 1267 (s), 1258 (s), 1176 (s), 1121 (s), 897 (w),  
745 (m), 723 (s), 693 (s), 539 (s) cm–1. UV-vis (CH2Cl2): max 629 nm (ε =              
24,700 M−1 cm−1; with 50 equiv. OPPh3 max 630 nm [ε = 21,700 M−1 cm−1), 586 nm (ε = 
20,700 M−1 cm−1; with 50 equiv. OPPh3 max 589 nm [ε = 17,700 M−1 cm−1]), 317 nm (ε 
= 8,100 M−1 cm−1; with 50 equiv. OPPh3 max 318 nm [ε = 6,300 M−1 cm−1]). Mass Spec. 
(ESI, +ve mode): exact mass calculated for [C50H38AlN5O4P2 + Na]+: 884.2112; exact 
mass found: 884.2118; difference: +0.7 ppm. Anal. Calcd. (%) for C50H38AlN5O4P2: C, 




From formazan 5.6a (0.25 g, 0.75 mmol), Al(OiPr)3 (0.18 g,   
0.88 mmol), and tri-n-butylphosphine oxide (0.36 g, 1.7 mmol). 
Yield = 0.51 g, 86% of dark-purple plates. M.p.: >250 °C. 1H 
NMR (599.3 MHz, CDCl3):  8.29 (d, JHH = 8 Hz, 2H, aryl CH), 
7.99 (d, JHH = 8 Hz, 2H, aryl CH), 7.44 (t, JHH = 8 Hz, 2H, aryl 
CH), 7.32 (t, JHH = 7 Hz, 1H, aryl CH), 7.17 (t, JHH = 7 Hz, 2H, 
aryl CH), 7.00 (d, JHH = 8 Hz, 2H, aryl CH), 6.83 (t, JHH = 8 Hz, 
2H, aryl CH), 1.65‒1.61 (m, 12H, CH2), 1.35‒1.29 (m, 24H, 
CH2), 0.85‒0.83 (m, 18H, CH3). 13C{1H} NMR (150.7 MHz, CDCl3):  157.6, 145.3, 
140.5, 138.7, 129.4, 128.3, 127.0, 125.4, 117.6, 117.3, 114.1, 26.3 (d, JCP = 64 Hz),    
24.0 (d, JCP = 15 Hz), 23.3 (d, JCP = 3 Hz), 13.4. 31P{1H} NMR (242.6 MHz, CDCl3):  
58.9. FT-IR (ATR): 3058 (m), 2957 (s), 2930 (m), 2870 (m), 1595 (m), 1465 (m),      
1336 (m), 1305 (s), 1243 (s), 1135 (s), 1112 (s), 1019 (m), 896 (m), 765 (m), 741 (s),  
578 (s) cm–1. UV-vis (CH2Cl2): max 641 nm (ε = 33,700 M−1 cm−1; with 50 equiv. OPBu3 
max 639 nm [ε = 31,700 M−1 cm−1]), 596 nm (ε = 25,100 M−1 cm−1; with 50 equiv. 
OPBu3 ε = 24,800 M−1 cm−1), 329 nm (ε = 20,000 M−1 cm−1; with 50 equiv. OPBu3 ε =             
19,400 M−1 cm−1). Mass Spec. (ESI, +ve mode): exact mass calculated for 
[C43H67AlN4O4P2 + Na]+: 815.4351; exact mass found: 815.4346; difference: ‒0.6 ppm. 
Anal. Calcd. (%) for C43H67AlN4O4P2: C, 65.13; H, 8.52; N, 7.07. Found: C, 62.84; H, 
8.55; N, 6.78. 
 
Complex 5.9a 
From formazan 5.6a (0.08 g, 0.2 mmol), Al(OiPr)3 (0.07 g,       
0.3 mmol),  and was tri(ethylferrocene)phosphine oxide (0.34 g, 
0.50 mmol). Yield = 0.18 g, 52% of dark-purple plates. M.p.: 
208‒210 °C. 1H NMR (599.3 MHz, C6D6):  8.82 (d, JHH = 7 Hz, 
2H, aryl CH), 8.51 (d, JHH = 7 Hz, 2H, aryl CH), 7.45 (t, JHH =     
8 Hz, 2H, aryl CH), 7.37‒7.29 (m, 4H, aryl CH), 7.21‒7.19 (m, 
1H, aryl CH), 6.98 (t, JHH = 7 Hz, 2H, aryl CH), 4.12 (s, 30H, 
131 
 
C5H5), 3.96 (s, 12H, C5H4R), 3.94 (s, 12H, C5H4R), 2.33‒2.26 (m, 12H, CH2), 1.65‒1.58 
(m, 12H, CH2). 13C{1H} NMR (150.7 MHz, C6D6):  160.6, 143.3, 142.1, 141.4, 129.1, 
128.7, 126.2, 125.6, 118.0, 117.0, 114.9, 88.1 (d, JCP = 15 Hz), 69.2, 68.4, 67.9, 28.4 (d, 
JCP = 63 Hz), 21.7. 31P{1H} NMR (242.6 MHz, C6D6):  51.9. FT-IR (ATR): 3092 (m), 
2929 (m), 2860 (w), 1589 (m), 1472 (s), 1328 (m), 1298 (s), 1241 (s), 1140 (s), 1105 (s), 
1000 (m), 818 (m), 744 (m), 682 (m), 672 (m), 578 (m) cm–1. UV-vis (CH2Cl2): max   
641 nm (ε = 28,200 M−1 cm−1), 596 nm (ε = 21,400 M−1 cm−1), 329 nm (ε =            
18,900 M−1 cm−1). Mass Spec. (ESI, +ve mode): exact mass calculated for 
[C91H91Al54Fe256Fe4N4O4P2]+: 1724.2521; exact mass found: 1724.2523; difference:    
+0.1 ppm. Anal. Calcd. (%) for C91H91AlFe6N4O4P2:C, 63.22; H, 5.31; N, 3.24. Found: 
C, 63.37; H, 5.59; N, 3.18. 
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6 Formazanate Complexes of Hypervalent Group 14 
Elements as Precursors to Electronically Stabilized 
Radicals 
Adapted from:  
1. Maar, R. R.; Catingan, S. D.; Staroverov, V. N.; Gilroy, J. B. Angew. Chem. Int. 
Ed. 2018, 57, 9870‒9874. 
6.1 Introduction 
The ability to synthesize, isolate, and characterize molecular compounds that defy 
conventional chemical bonding models is a long-standing goal of the main-group 
chemistry community. In this context, open-shell systems (i.e., radicals) of main-group 
compounds have received significant attention.[1-2] In particular, stable radicals[3-4] 
containing group 14 elements (E = Si, Ge, or Sn)[5-6] have been structurally characterized 
by the Power[7] (6.1) and Sekiguchi (6.2[8] and 6.3[9]) groups. The key to isolating these 
reactive species is the stabilization afforded by the large aromatic and persilyl 
substituents present in the supporting ligand backbones.[10] Another effective way to 
stabilize group 14 radicals is to combine bulky substituents with strongly σ-donating 
ligands. To that end, N-heterocyclic carbenes,[11] and cyclic alkyl(amino) carbenes[12-13] 
are most frequently used. The outcome is exemplified by compound 6.4, which is 
comprised of a sterically-imposing carbene that acts both as a -donor and -acceptor to 
stabilize the unpaired electron.[14] A third approach involves the combination of bulky 
substituents and chelating ligands such as β-diketiminates,[15-16] which have the potential 
to stabilize the radical through inductive effects and electron delocalization. In that 
manner, the Jones and co-workers isolated compound 6.5, the first example of a neutral, 
monomeric Ge(I)-centered radical.[17] More recently, Wang et al.[18] demonstrated that 
structural modification of the β-diketiminate backbone leads to the formation of complex 





Here, we report complexes and radicals containing hypervalent group 14 elements 
supported by a tetradentate N2O23‒ formazanate ligand.[19-20] These radicals do not benefit 
from appreciable steric bulk and appear to be stabilized via extended electron 
delocalization over multiple electronegative atoms. The quasi-square-pyramidal geometry 
adopted by the group 14 elements in such complexes plays a critical role in this process.   
6.2 Results and Discussion 
The target complexes 6.8‒6.10 were prepared according to Scheme 6.1 (Figures A6.1‒
A6.6). Formazan 6.7[21] was treated with excess NaH to generate the corresponding 
trianion, which was then reacted with the appropriate group-14-containing 
phenyltrichloride (EPhCl3; E = Si, Ge, or Sn) to give complexes 6.8‒6.10 in 53‒65% 
yield. Radicals 6.8•‒‒6.10•‒ were prepared by reacting the parent formazanate complex 
with bis(pentamethylcyclopentadienyl)cobalt (CoCp*2) and isolated in 62% (6.8•‒) and 
61% (6.9•‒) yield. While radicals 6.8•‒ and 6.9•‒ could be isolated and structurally 




Scheme 6.1. Synthetic route to group 14 formazanates 6.8‒6.10 and radical anions 6.8•‒‒
6.10•‒. 
 
Complexes 6.8‒6.10 absorbed throughout the visible region of the electromagnetic 
spectrum and particularly strongly at longer wavelengths (Figures 6.1a‒c). Complex 6.8 
had absorbance maxima (λmax) at 662 nm (ε = 16,800 M‒1 cm‒1), 474 nm (ε =             
3,700 M‒1 cm‒1), and 329 nm (ε = 14,600 M‒1 cm‒1). The spectra of complexes 6.9 [λmax: 
681 nm (ε = 21,200 M‒1 cm‒1); 472 nm (ε = 4,400 M‒1 cm‒1); 331 nm (ε =               
18,500 M‒1 cm‒1)] and 6.10 [λmax: 681 nm (ε = 22,200 M‒1 cm‒1); 463 nm (ε =          
4,600 M‒1 cm‒1);  333 nm (ε = 17,000 M‒1 cm‒1)] were similar. The experimental UV-vis 
absorption spectra were qualitatively reproduced by adiabatic linear-response time-
dependent density functional theory calculations performed with the Gaussian 
program[22] using the PBE1PBE functional,[23] 6-311+G* basis set, and implicit solvation 
methods (Figure A6.7 and Table A6.1). The calculations showed that the observed 
lowest-energy electronic transitions have π→π* character and involve highly delocalized 




Figure 6.1. UV-vis absorption spectra of (a) 6.8 and 6.8•‒, (b) 6.9 and 6.9•‒, and (c) 6.10 
recorded for 20 µM dry, degassed CH2Cl2 solutions. EPR spectra of radicals (d) 6.8•‒ and 
(e) 6.9•‒ recorded for 40 µM (8•‒) and 60 µM (6.9•‒) dry, degassed CH2Cl2 solutions at   
21 C. (f) CVs of complexes 6.8‒6.10 recorded in dry, degassed CH2Cl2 containing       
~1 mM analyte and 0.1 M [nBu4N][PF6] at a scan rate of 250 mV s‒1. The arrows denote 
the scan direction. 
Chemical reduction of 6.8‒6.10 was accompanied by three major changes to the 
corresponding absorption spectra: 1) the disappearance of the lowest-energy absorption 
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band, 2) the appearance of a broad absorption band red-shifted relative to the parent 
complexes [6.8•‒: λmax = 772 nm (ε = 3,300 M‒1 cm‒1); 6.9•‒: λmax = 813 nm (ε =        
4,600 M‒1 cm‒1)], and 3) the appearance of a peak blue-shifted relative to the parent 
complexes [6.8•‒: λmax = 483 nm (ε = 5,000 M‒1 cm‒1); 6.9•‒: λmax = 485 nm (ε =            
7,800 M‒1 cm‒1)] (Figures 6.1a and 6.1b). These observations suggest the formation of a 
formazanate-centered radical.[24-28]  
Electron paramagnetic resonance (EPR) spectra, collected for dry, degassed CH2Cl2 
solutions of 6.8•‒ (g = 2.0037) and 6.9•‒ (g = 2.0035) were well-resolved (Figures 6.1d 
and 6.1e). The isotropic hyperfine coupling constants (a) for the N and H atoms labelled 
in Scheme 6.1 were extracted from these spectra using the EasySpin software package[29] 
and were found to be as follows: 6.8•‒: aN(bottom) = 5.05 G, aN(top) = 3.37 G, aH(ortho) =    
1.61 G, aH(para) = 1.58 G; 6.9•‒: aN(bottom) = 4.94 G, aN(top) = 3.75 G, aH(ortho) = 1.56 G, 
aH(para) = 1.55 G. All of these constants were consistent with the theoretically predicted 
values (Table A6.2). The calculated singly-occupied molecular orbitals (SOMOs) and 
spin-density maps of 6.8•‒ and 6.9•‒ (Figures 6.2a and A6.8) indicate that the unpaired 
electron is most likely to be found on the formazanate nitrogen atoms. Note that the low 
relative abundance of the spin-active isotopes of Si and Ge did not allow us to extract the 
experimental hyperfine constants for these atoms; the density-functional calculations 
predicted aSi = 4.0 G and aGe = 2.3 G (Tables A6.2‒A6.4).  
To understand the difficulties encountered during the attempted isolation of radical 6.10•‒ 
(E = Sn), we probed the electron-accepting abilities of complexes 6.8‒6.10 using cyclic 
voltammetry (CV) (Figure 6.1f). The CV data showed that compounds 6.8 and 6.9 
undergo two one-electron, reversible electrochemical reductions (6.8:  Ered1 = ‒0.91 V, 
Ered2 = ‒1.84 V; 6.9: Ered1 = ‒0.98 V, Ered2 = ‒1.86 V relative to the ferrocene/ferrocenium 
redox couple), which correspond to the formation of a radical anions and dianions, 
respectively. In contrast, complex 6.10 exhibited two irreversible one-electron reductions 
at ‒1.10 V and ‒1.88 V. The more negative reduction potentials observed for complex 
6.10 and the lack of reversibility of the reduction events in the CV are consistent with the 
generation of highly reactive species. They also provide evidence that complex 6.10 is a 
poorer electron-acceptor compared to complexes 6.8 and 6.9. 
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Examination of the experimental solid-state structures and the calculated gas-phase 
geometries of complexes 6.8‒6.10 and radicals 6.8•‒ and 6.9•‒ (Figures 6.2b, A6.8, A6.9, 
Tables 6.3 and 6.4) revealed that these molecules adopt an approximately square-
pyramidal geometry at the group 14 atoms, which is in stark contrast with the trigonal-
bipyramidal geometry reported by Nabeshima et al.[30-31] for structurally-related group 14 
N2O2 dipyrrinate complexes, likely due to differences between the five-membered 
(formazanate) and six-membered (dipyrrinate) chelate rings. This observation was 
quantified by computing the structural parameter τ of Addison and co-workers, which is 
defined in such a way that it has a value of 0 for a perfect square-pyramidal geometry and 
a value of 1 for an ideal trigonal bipyramid.[32] Complexes 6.8‒6.10 and radicals 6.8•‒ and 
6.9•‒ have τ values between 0.02 and 0.15 compared to τ = 0.82, 0.67, and 0.59 for the 
analogous group 14 N2O2 dipyrrinates. 
The size of the group 14 atom has a significant effect on the relative co-planarity of the 
N2O2 binding pocket and ligand backbone. Specifically, the larger O2-E-O1 bond angle 
(θ1) of complex 6.10 [94.58(18)°] relative to complexes 6.9 [88.54(13)°][33] and 6.8 
[88.95(5)°] is likely a result of the larger size of Sn relative to Si and Ge (Figure 6.2c and 
Table 6.1).[34] The sum of the bond angles about the square plane defined by the group 14 
elements in the N2O2 pocket (i.e., Σθ1‒4) is less than 360° and decreases with increasing 
size of the group 14 atom [6.8: 343.77(5)°; 6.9: 339.28(14)°[33]; 6.10: 332.41(18)°]. 
Moreover, a larger group 14 atom experiences a greater displacement from the N4O2 
plane [6.8: 0.467(9) Å; 6.9:  0.593(2) Å[33]; 6.10: 0.738(2) Å]. This structural change 
affects the degree of coplanarity between the N-aryl substituents relative to the N4O2 
plane (Figure 6.2d and Table 6.1) and thereby reduces the overlap between the 
corresponding  systems. We also compared the average dihedral angles  [φ = (φ1 + 
φ2)/2] between the N-aryl substituents and the N4O2 plane and found that φ was larger for 
complex 6.10 [φ = 26.81(21)°] than for complexes 6.8 [φ = 22.44(9)°] and 6.9 [φ = 
22.63(17)°].[33] The increased deviation from planarity hampers electron delocalization 
and diminishes the electron-accepting properties of complex 6.10, as evidenced by the 









Figure 6.2. (a) Molecular orbitals of 6.8 and 6.8•‒ and the spin density of 6.8•‒ calculated 
at the PBE1PBE/6-311+G* level of theory in CH2Cl2 solution. (b) Top and side views of 
the solid-state structures of 6.8 and 6.8•‒. Anisotropic displacement ellipsoids are shown 
at the 50% probability level and the hydrogen atoms and apical-phenyl substituents (side 
views) have been omitted for clarity. (c) Graphical depiction of the N2O2 binding pocket 
looking at various bond angles θ1‒4. (d) The method used to calculate the dihedral angles 












SOMO of 6.8•‒ Spin density of 6.8•‒
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Table 6.1. Notable metrics of solid-state structures 6.8‒6.10, 6.8•‒, and 6.9•‒. 
aThe asymmetric unit for 6.9 contains two unique conformers, average data are reported. 
 
Upon chemical reduction, the N2O2 binding pockets of radicals 6.8•‒ and 6.9•‒ undergo a 
geometric change. The sums of the bond angles about the group 14 elements in 6.8•‒ and 
6.9•‒ become closer to 360° [6.8•‒: 345.90(17)°; 6.9•‒: 342.58(10)°] compared to 6.8 
[343.77(5)°] and 6.9 [339.28(14)°][33] and the group 14 atoms are drawn closer to the 
N4O2 plane than in the parent complexes [6.8: 0.467(9) Å vs. 6.8•‒: 0.445(2) Å and 6.9: 
0.593(2) Å[33] vs. 6.9•‒: 0.531(1) Å]. The decrease in φ [6.8•‒: 10.49(22)°; 6.9•‒: 
13.52(12)°] is consistent with an increased coplanarity between the N-aryl substituents 
and the N4O2 plane. Such structural changes would be disfavored by a larger group 14 
atom such as Sn, which would explain the observed instability of radical 6.10•‒. 
The average N-N bond lengths in complexes 6.8‒6.10 are intermediate between typical 
single and double N-N bonds.[35] Chemical reduction causes these bonds to elongate from 
1.3124(16) Å in 6.8 to 1.362(5) Å in 6.8•‒, consistent with the unpaired electron 
occupying an orbital with antibonding N-N character (Figure 6.2a). A similar trend was 
observed when 6.9  [1.312(5) Å][33] was reduced to 6.9•‒ [1.357(3) Å]. In addition, 
chemical reduction results in shorter N-E bonds [6.8: 1.8834(12) Å vs. 6.8•‒: 1.832(4) Å 
and 6.9: 1.986(4) Å vs. 6.9•‒: 1.929(2) Å][33] and longer C-E bonds [6.8: 1.8580(14) Å vs. 
6.8•‒: 1.879(5) Å and 6.9: 1.922(5) Å[33] vs. 6.9•‒: 1.948(3) Å] of the apical phenyl 
substituent.  
 
 O2-E-O1 Bond 
angle  (θ1, °) 
Sum of angles 
about E           
(Σθ1‒4, °) 
Average 
dihedral angle           
(φ, °) 
Displacement of E 
from N4O2 plane (Å) 
6.8 88.95(5) 343.77(5) 22.44(9) 0.467(9) 
6.9a 88.54(13) 339.23(14) 22.63(17) 0.593(2) 
6.10 94.58(18) 332.41(18) 26.81(21) 0.738(2) 
6.8•‒ 86.65(16) 345.90(17) 10.49(22) 0.445(2) 
6.9•‒ 88.07(9) 342.58(10) 13.52(12) 0.531(1) 
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Table 6.2. Selected bond lengths (Å) and bond angles (°) for 6.8‒6.10, 6.8•‒, and 6.9•‒. 
 6.8 6.9a 6.10 6.8•‒ 6.9•‒ 
  Conformer A Conformer B 
2 
   
N1-N2 1.3146(16) 1.318(5) 1.310(5) 1.314(7) 1.363(5) 1.357(3) 
N3-N4 1.3102(16) 1.310(5) 1.310(5) 1.312(7) 1.361(5) 1.357(3) 
N1-Si1 1.8657(12) ‒ ‒ ‒ 1.824(4) ‒ 
N3-Si1 1.9010(12) ‒ ‒ ‒ 1.840(4) ‒ 
N2-C1 1.3377(18) 1.335(6) 1.334(6) 1.344(8) 1.338(6) 1.347(4) 
N4-C1 1.3464(18) 1.346(5) 1.346(5) 1.342(8) 1.337(6) 1.331(4) 
N1-Ge1 ‒ 1.989(3) 1.974(4) ‒ ‒ 1.933(2) 
N3-Ge1 ‒ 1.986(4) 1.993(4) ‒ ‒ 1.924(2) 
N1-Sn1 ‒ ‒ ‒ 2.146(5) ‒ ‒ 
N3-Sn1 ‒ ‒ ‒ 2.142(5) ‒ ‒ 
C20-Si1 1.8580(14) ‒ ‒ ‒ 1.879(5) ‒ 
C20-Ge1 ‒ 1.922(5) 1.922(5) ‒ ‒ 1.948(3) 
C20-Sn1 ‒ ‒ ‒ 2.113(6) ‒ ‒ 
O1-Si1 1.7195(10) ‒ ‒ ‒ 1.731(3) ‒ 
O2-Si1 1.7042(10) ‒ ‒ ‒ 1.731(4) ‒ 
O1-Ge1 ‒ 1.842(3) 1.837(3) ‒ ‒ 1.8701(19) 
O2-Ge1 ‒ 1.841(3) 1.841(3) ‒ ‒ 1.873(2) 




‒ ‒ ‒ 2.031(4) ‒ ‒ 
O1-Si1-O2 88.95(5) ‒ ‒ ‒ 86.65(16) ‒ 
O1-Si1-N1 86.05(5) ‒ ‒ ‒ 86.66(17) ‒ 
O2-Si1-N3 85.52(5) ‒ ‒ ‒ 86.09(17) ‒ 
N1-Si1-N3 83.25(5) ‒ ‒ ‒ 86.50(18) ‒ 
Sumb 343.77(5) ‒ ‒ ‒ 345.90(17) ‒ 
O1-Ge1-O2 ‒ 88.40(13) 88.67(13) ‒ ‒ 88.07(9) 
O1-Ge1-N1 ‒ 83.94(14) 83.99(14) ‒ ‒ 84.00(9) 
O2-Ge1-N3 ‒ 84.02(14) 83.97(14) ‒ ‒ 84.37(10) 
N1-Ge1-N3 ‒ 82.64(15) 82.92(15) ‒ ‒ 86.14(10) 
Sumb  339.00(14) 339.55(14) ‒  342.58(10) 
O1-Sn1-O2 ‒ ‒ ‒ 94.58(18) ‒ ‒ 
O1-Sn1-N1 ‒ ‒ ‒ 79.09(18) ‒ ‒ 
O2-Sn1-N3 ‒ ‒ ‒ 79.90(18) ‒ ‒ 
N1-Sn1-N3 ‒ ‒ ‒ 78.84(18) ‒ ‒ 
Sumb ‒ ‒ ‒ 332.41(18) ‒ ‒ 
Si1 
displacement[c] 
0.467(9) ‒ ‒ ‒ 0.445(2) ‒ 
Ge1 
displacement[c] 
‒ 0.599(2) 0.587(2) ‒ ‒ 0.531(1) 
Sn1 
displacement[c] 
‒ ‒ ‒ 0.738(2) ‒ ‒ 
aThe asy metric unit for 6.9 contains two molecules in distinct conformations. bSum of the bond angles 
about the group 14 element in the N2O2 binding pocket. [c]Displacement is the distance between the group 






In conclusion, we have prepared and characterized a family of formazanate complexes 
6.8‒6.10 of hypervalent group 14 elements. The electron-accepting properties of these 
complexes were confirmed using CV; their chemical reduction with CoCp*2 resulted in 
stable radicals containing Si (6.8•‒) and Ge (6.9•‒). Our inability to isolate an analogous 
Sn-containing radical was supported by CV experiments, revealing irreversible reduction 
events at more negative potentials compared to the Si- and Ge-containing species. We 
rationalized these findings by observing that the -electron systems of formazanate 
complexes of Si, Ge, and Sn become less planar as the size of the group 14 atom 
increases and by linking larger deviations from planarity with a lower stability of the 
corresponding radical anion. X-ray crystallography and UV-vis absorption spectroscopy 
suggested that the unpaired electron density in 6.8•‒ and 6.9•‒ was the highest on the 
formazanate ligand and this was confirmed by EPR spectroscopy. Thus, electron 
delocalization and stabilization by multiple electronegative atoms in complexes 6.8 and 
6.9 allowed us to isolate group 14-containing radicals in the absence of significant steric 
bulk.  
6.4 Experimental Section 
6.4.1 General Considerations 
Reactions and manipulations were carried out under an N2 atmosphere using standard 
glove box or Schlenk techniques unless otherwise stated. GePhCl3 was purchased from 
Gelest Inc. All other reagents were purchased from Sigma-Aldrich or Alfa Aesar and 
used as received. Solvents were purchased from Caledon Laboratories, dried using an 
Innovative Technologies Inc. solvent purification system, collected under vacuum, and 
stored under an N2 atmosphere over 4 Å molecular sieves. Formazan 6.7 was synthesized 
according to a published procedure.[21] NMR spectra were recorded on 400 MHz (1H: 
399.8 MHz; 13C{1H}: 100.5 MHz), 600 MHz (1H: 599.3 MHz; 13C{1H}: 150.7 MHz) 
Varian INOVA spectrometers or a 400 MHz (1H: 399.8 MHz; 13C{1H}: 100.5 MHz, 29Si: 
79.5 MHz, 119Sn: 149.1 MHz) Bruker spectrometer at 21 °C. 1H NMR spectra were 
referenced to residual CHCl3 ( = 7.27) and 13C{1H} NMR spectra were referenced to 
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CDCl3 ( = 77.0). The 29Si NMR spectrum was referenced to SiMe4 ( = 0.0) and the 
119Sn NMR spectrum was referenced to SnMe4 ( = 0.0). Mass spectrometry data were 
recorded in either positive-ion mode (6.8‒6.10) or negative-ion mode (6.8•‒ and 6.9•‒) 
using a high-resolution Micromass LCT electrospray time-of-flight mass-spectrometer. 
Samples for UV-vis absorption spectroscopy were prepared in an N2-filled glovebox and 
the spectra recorded using sealed quartz cuvettes and a Cary 5000 UV-vis-NIR 
spectrophotometer. Molar extinction coefficients were determined from the slope of a 
plot of absorbance against concentration using four solutions with known concentrations 
ranging between 5 and 50 μM. FT-IR spectra were recorded on a PerkinElmer Spectrum 
Two instrument using an attenuated total reflectance accessory.  
6.4.2 Elemental Analysis 
Elemental analyses (C, H, N) were carried out by Laboratoire d’Analyse Élémentaire de 
l’Université de Montréal, Montréal, QC, Canada or Canadian Microanalytical Services 
Ltd., Delta, BC, Canada. We, and others, have found it challenging to obtain satisfactory 
elemental analysis data for coordination complexes of formazanates with main-group 
elements. In the current study, we obtained satisfactory data for Ge-containing 
compounds 6.9 and 6.9•‒. However, the mass percents of C, H, and N determined for the 
Si- and Sn-analogs (6.8, 6.8•‒, and 6.10) were systematically low across several 
independent batches and consistent with incomplete combustion. We assume that 
these observations are due to the formation of non-volatile carbides, nitrides, or related 
materials. Therefore, we confirmed the identity of the Si- and Sn-containing compounds 
using X-ray crystallography and their bulk purity using a combination of NMR 
spectroscopy (for diamagnetic compounds) and mass spectrometry. These 
characterization data are complemented by FT-IR and UV-vis absorption spectra in all 
cases. 
6.4.3 Cyclic Voltammetry 
Cyclic voltammetry experiments were performed in an Ar-filled glovebox using a 
Bioanalytical Systems Inc. (BASi) Epsilon potentiostat and analyzed using BASi Epsilon 
software. Typical electrochemical cells consisted of a three-electrode setup including a 
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silver pseudo-reference electrode, glassy carbon working electrode, and platinum counter 
electrode. Experiments were run at a scan rate of 250 mV s−1 in dry and degassed CH2Cl2 
solutions of the analyte (1 mM), and supporting electrolyte (0.1 M [nBu4N][PF6]). 
Cyclic voltammograms were referenced relative to the ferrocene/ferrocenium redox 
couples (1 mM internal standard) and corrected for internal cell resistance using the 
BASi Epsilon software. 
6.4.4 Electron Paramagnetic Resonance (EPR) Spectroscopy 
EPR measurements of paramagnetic species were made on 40 µM (6.8•‒) and 60 µM 
(6.9•‒) dry, degassed CH2Cl2 solutions in 0.4 mm quartz tubes using a JEOL JES-FA200 
EPR spectrometer. All measurements were made at 21 °C and g-factors were referenced 
relative to a built-in Mn2+ marker within the resonant cavity of the instrument.  
6.4.5 X-ray Crystallography Methods 
Single crystals for X-ray diffraction studies were grown by vapor diffusion of hexanes 
into a saturated solution of the compound in THF (6.8) or CH2Cl2 (6.10), by vapor 
diffusion of pentane into a saturated solution of the compound in CH2Cl2 (6.9) or THF 
(6.8•‒) or by slow evaporation of a saturated THF solution at ‒35 °C (6.9•‒). Samples 
were mounted on a MiTeGen polyimide micromount with a small amount of Paratone N 
oil. X-ray diffraction measurements were made on a Bruker Kappa Axis Apex2 (6.9 and 
6.8•‒) or Nonius KappaCCD Apex2 (6.8, 6.10, and 6.9•‒) diffractometer at a temperature 
of 110 K. Initial indexing indicated that the sample crystals 6.9 and 6.10 were non-
merohedrally twinned.  
The twin law for the first component of 6.9 was determined to be: 
  1.00003     0.00043     0.00036 
‒0.05589   ‒0.99986     0.00059 
‒0.10716   ‒0.00077   ‒1.00017 
 






The twin law for the second component was determined to be: 
1.00000   ‒0.00003     ‒0.00003 
0.00014     0.99993     ‒0.00026 
0.00034     0.00032       1.00007 
 
which represents a 0.166° rotation about [‒11 ‒1 0]. The twin fractions were included in 
the refinement as an adjustable parameter (vide infra). 
 
The twin law for 6.10 was determined to be: 
  1.00149     0.00425     0.83207 
  0.00048   ‒1.00000     0.00014 
‒0.00358     0.00063   ‒1.00149 
 
which represents a ‒179.02° rotation about [0 0 ‒1]. The twin fraction was included in 
the refinement as an adjustable parameter (vide infra).  
The data collection strategy included a number of ω and φ scans which collected data 
over a range of angles, 2θ. The frame integration was performed using SAINT.[36] The 
resulting raw data were scaled and absorption corrected using a multi-scan averaging of 
symmetry equivalent data using SADABS (6.8, 6.8•‒, and 6.9•‒)[37] or TWINABS (6.9 and 
6.10).[38] The structures were solved using a dual space methodology using the SHELXT 
program.[39] All non-hydrogen atoms were obtained from the initial solution. The 
hydrogen atoms were introduced at idealized positions and allowed to ride on the parent 
atom (6.8‒6.10 and 6.8•‒) or were treated in a mixed fashion (6.9•‒). The twin fractions of 
6.9 refined to values of 0.49481(94) and 0.22112(699), respectively. The twin fraction of 
6.10 refined to a value of 0.07254(53). The structural model was fit to the data using full 
matrix least-squares based on F2. The calculated structure factors included corrections for 
anomalous dispersion from the usual tabulation. The structures were refined using the 
SHELXL-2014 program from the SHELX suite of crystallographic software.[40] See 
Table 6.3 and CCDC 1839955‒1839959 for additional crystallographic data. The 






Table 6.3. X-ray diffraction data collection and refinement details for 6.8‒6.10, 6.8•‒, and 
6.9•‒. 
 6.8 6.9 6.10 6.8•‒•C4H8O 6.9•‒•C4H8O 
Formula C25H18N4O2Si C25H18N4O2Ge C25H18N4O2Sn C49H56CoN4O3Si C49H56CoN4O3Ge 
FW (g mol‒1) 434.52 479.02 525.12 835.99 880.49 
Crystal Habit Purple Plate Purple Plate Purple Needle Green Plate Red Plate 
Crystal 
System 
Monoclinic Triclinic Monoclinic Monoclinic Monoclinic 
Space Group C2/c P1̅ P21/c P21/n P21/n 
T (K) 110 110 110 110 110 
 (Å) 1.54178 0.71073 1.54178 0.71073 1.54178 
a (Å) 29.648(4) 5.8862(13) 19.748(3) 13.069(4) 13.002(2) 
b (Å) 9.0503(11) 17.893(5) 5.8839(10) 18.226(8) 18.112(4) 
c (Å) 17.038(3) 19.957(4) 19.494(3) 17.796(7) 18.018(3) 
 (°) 90 103.353(8) 90 90 90 
 (°) 115.608(8) 90.932(5) 114.324(6) 93.29(2) 94.838(9) 
 (°) 90 90.556(6) 90 90 90 
V (Å3) 4122.6(10) 2044.7(8) 2064.1(6) 4232(3) 4228.0(13) 
Z 8 4 4 4 4 
 (g cm‒3) 1.400 1.556 1.690 1.312 1.383 
m (cm‒1) 1.267 1.530 10.108 0.482 4.317 
R1a            0.0310 0.0618, 0.0437 0.0712 0.0418 
R2b [I > 2σ] 0.0776 0.1216 0.1041 0.1539 0.0992 
R1 (all data) 0.0334 0.1005 0.0673 0.1713 0.0554 
R2 (all data) 0.0793 0.1365 0.1170 0.1973 0.1062 
GOFc 1.039 1.044 1.049 1.008 1.024 
aR1 = (|Fo|‒|Fc|) /  Fo, bR2 = [((Fo2‒Fc2)2) / (Fo4)]½, cGOF = [((Fo2‒Fc2)2) / (No. of reflns.‒No. of 
params.)]½ 
6.4.6 Computation Methodology 
All calculations were performed using the Gaussian suite of programs.[7] Molecular 
geometries of 6.8–6.10, 6.8•
–, and 6.9•– in CH2Cl2 solution were optimized at the 
PBE1PBE/6-311+G* level of theory using the polarizable continuum model of implicit 
solvation [SCRF=(PCM,Solvent=Dichloromethane)]. For Sn atoms, the 6-311+G* basis 
set is not available, so the LANL2DZ+dp basis set from the EMSL Basis Set Library[8] 
was used instead. All optimized structures were confirmed to be true minima by 
performing vibrational analysis. The UV-vis absorption spectra of 6.8–6.10 were 
simulated in WebMO[9] using results of adiabatic linear-response TDDFT calculations for 
the lowest 40 singlet-to-singlet electronic transitions. The isotropic hyperfine coupling 
constants of radicals 6.8•– and 6.9•–  in CH2Cl2 solution were computed for the solvated 
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PBE1PBE/6-311+G* geometries using the PBE1PBE functional and EPR-III basis sets 
for all of the atoms except Si and Ge, for which the TZVP basis set was used. 
 
Complex 6.8 
Formazan 6.7 (0.23 g, 0.69 mmol) and NaH (0.070 g,               
2.9 mmol) were combined in a 100 mL Schlenk flask at 21 °C. 
Anhydrous THF (18 mL) was added to the flask resulting in gas 
evolution and the formation of a dark blue suspension. This 
suspension was stirred at 21 °C for 16 h before SiPhCl3 (0.17 g, 
0.13 mL, 0.80 mmol) was added dropwise over 5 min. The 
resulting blue suspension was stirred for 16 h at which time it 
changed from blue to blue-green. In air, the crude suspension 
was transferred to a neutral alumina column (1.0″ × 1.6″) and eluted using THF (Rf = 
0.95). The solution containing complex 6.8 was then concentrated in vacuo to yield a 
dark red-purple solid. The solid was recrystallized by vapor diffusion of hexanes into a 
saturated THF solution to afford 6.8 as dark purple plates (bronze reflex). Yield = 0.19 g, 
63%. M.p.: >250 °C. 1H NMR (599.3 MHz, CDCl3):  8.20–8.18 (m, 2H, aryl CH), 7.98 
(dd, 3JHH = 8.0 Hz, 4JHH = 1.1 Hz, 2H, aryl CH), 7.52–7.49 (m, 2H, aryl CH), 7.47–7.45 
(m, 1H, aryl CH), 7.40 (ddd, 3JHH = 8.2 Hz, 3JHH = 7.4 Hz, 4JHH = 1.5 Hz, 2H, aryl CH), 
7.33–7.28 (m, 3H, aryl CH), 7.21–7.19 (m, 4H, aryl CH), 7.08 (ddd, 3JHH = 8.3 Hz, 3JHH 
= 7.4 Hz, 4JHH = 1.1 Hz, 2H, aryl CH). 13C{1H} NMR (100.6 MHz, CDCl3):  151.8, 
147.4, 136.0, 134.5, 133.2, 132.3, 132.0, 130.8, 129.3, 128.7, 128.2, 125.8, 121.6, 115.9, 
115.7. 29Si NMR (79.5 MHz, CDCl3):  ‒113.0 (s).  FT-IR (ATR): 3069 (w), 2962 (m), 
1589 (m), 1475 (m), 1372 (m), 1259 (s), 1139 (s), 1099 (s), 1016 (s), 897 (s), 856 (m), 
677 (s), 633 (s) cm–1. UV-vis (CH2Cl2): max: 662 nm (ε = 16,800 M−1 cm−1), 474 nm (ε = 
3,700 M−1 cm−1), 329 nm (ε = 14,600 M−1 cm−1), 268 nm (ε = 12,900 M−1 cm−1). Mass 
Spec. (ESI, +ve mode): exact mass calculated for [C25H18N4O228Si + Na]+: 457.1097; 






Formazan 6.7 (0.31 g, 0.93 mmol) and NaH (0.10 g,                   
4.2 mmol) were combined in a 100 mL Schlenk flask at 21 °C. 
Anhydrous THF (30 mL) was added to the flask resulting in gas 
evolution and the formation of a dark blue suspension. This 
suspension was stirred at 21 °C for 16 h before GePhCl3 (0.25 g, 
0.16 mL, 0.98 mmol) was added dropwise over 5 min. The 
resulting blue suspension was stirred for 16 h at which time it 
changed from blue to blue-green. The suspension was then concentrated in vacuo to 
afford a dark red-purple solid. In air, the solid was dissolved in CH2Cl2 and transferred to 
a silica gel column (2.2″ × 4.7″). Using CH2Cl2 as eluent, complex 6.9 (Rf = 0.75) was 
isolated from the column before formazan 6.7 (Rf = 0.55). The solution containing 
complex 6.9 was concentrated in vacuo to yield a dark red-purple solid. The solid was 
recrystallized by vapor diffusion of pentane into a saturated CH2Cl2 solution to afford 6.9 
as dark purple plates (bronze reflex). Yield = 0.24 g, 53%. M.p.: 248−250 °C. 1H NMR 
(599.3 MHz, CDCl3):  8.15‒8.13 (m, 2H, aryl CH), 8.00 (dd, 3JHH = 8.1 Hz, 4JHH =     
1.3 Hz, 2H, aryl CH), 7.50‒7.47 (m, 2H, aryl CH), 7.45‒7.41 (m, 4H, aryl CH), 7.39‒
7.36 (m, 2H, aryl CH), 7.33‒7.30 (m, 2H, aryl CH) 7.16 (dd, 3JHH = 8.2 Hz, 4JHH =        
1.1 Hz, 2H, aryl CH), 7.01 (ddd, 3JHH = 8.3 Hz, 3JHH = 7.3 Hz, 4JHH = 1.2 Hz, 2H, aryl 
CH). 13C{1H} NMR (150.7 MHz, CDCl3):  153.2, 144.6, 135.2, 134.2, 132.4, 131.8, 
131.7, 131.2, 129.1, 128.9, 128.6, 125.8, 120.8, 116.6, 115.9. FT-IR (ATR): 3062 (w), 
3036 (w), 1590 (m), 1469 (m), 1345 (m), 1292 (s), 1137 (s), 1100 (s), 1067 (m), 892 (m), 
856 (m), 680 (s), 625 (s) cm–1. UV-vis (CH2Cl2): max: 681 nm (ε = 21,200 M−1 cm−1), 
472 nm (ε = 4,400 M−1 cm−1), 331 nm (ε = 18,500 M−1 cm−1), 271 nm (ε =               
13,900 M−1 cm−1). Mass Spec. (ESI, +ve mode): exact mass calculated for 
[C25H18N4O270Ge + H]+: 477.0751; exact mass found: 477.0737; difference: ‒2.9 ppm. 
Anal. Calcd. (%) for C25H18GeN4O2: C, 62.68; H, 3.79; N, 11.69. Found: C, 62.58; H, 







NaH (0.092 g, 3.8 mmol) and anhydrous THF (20 mL) were 
added to a 250 mL glass bottle at 21 °C. Formazan 6.7 (0.29 g,        
0.87 mmol) was dissolved in anhydrous THF (5 mL) and added 
dropwise to the NaH suspension over a 5 min period, at which 
time a dark blue suspension formed. This suspension was stirred 
at 21 °C for 16 h before SnPhCl3 (0.28 g, 0.15 mL, 0.93 mmol) 
dissolved in anhydrous THF (5 mL) was added dropwise over      
5 min. The resulting dark green suspension was stirred for 16 h at 21 °C before it was 
concentrated in vacuo. The crude product was redissolved in anhydrous THF (10 mL) 
and filtered through a pipette filter. The resulting dark green solution was concentrated in 
vacuo to afford a dark red-purple solid. The solid was washed with anhydrous pentane 
(20 mL) and collected via vacuum filtration to afford a dark red-purple solid. The solid 
was recrystallized by vapor diffusion of pentane into a saturated CH2Cl2 solution to afford 
6.10 as dark purple plates. Yield = 0.30 g, 65%. M.p.: >250 °C. 1H NMR (599.3 MHz, 
CDCl3):  8.11 (dd, 3JHH = 8.6 Hz, 4JHH = 1.3 Hz, 2H, aryl CH), 8.02 (dd, 3JHH = 8.1 Hz, 
4JHH = 1.2 Hz, 2H, aryl CH), 7.49‒7.39 (m, 8H, aryl CH), 7.33 (ddd, 3JHH = 8.6 Hz, 3JHH 
= 7.7 Hz, 4JHH = 1.5 Hz, 2H, aryl CH), 7.09 (dd, 3JHH = 8.2 Hz, 4JHH = 0.9 Hz, 2H, aryl 
CH), 6.95 (ddd, 3JHH = 8.1 Hz, 3JHH = 7.8 Hz, 4JHH = 1.0 Hz, 2H, aryl CH). 13C{1H} 
NMR (150.7 MHz, CDCl3):  154.2, 144.8, 136.5, 136.1, 135.2, 132.2, 132.2, 131.4, 
129.8, 128.8, 128.6, 125.9, 120.3, 118.6, 116.2. 119Sn (149.1 MHz, CDCl3):  ‒401.6 (s). 
FT-IR (ATR): 3069 (w), 3036 (w), 1586 (m), 1467 (s), 1432 (m), 1353 (m), 1291 (s), 
1248 (s), 1136 (s), 1100 (s), 1064 (m), 887 (m), 855 (m), 750 (s), 680 (s), 635 (s) cm–1. 
UV-vis (CH2Cl2): max: 681 nm (ε = 22,200 M−1 cm−1), 463 nm (ε = 4,600 M−1 cm−1), 
333 nm (ε = 17,000 M−1 cm−1), 271 nm (ε = 18,700 M−1 cm−1). Mass Spec. (ESI, +ve 
mode): exact mass calculated for [C25H18N4O2116Sn + Na]+: 545.0345; exact mass found: 








In a vial, complex 6.8 (0.12 g, 0.28 mmol) was dissolved 
in anhydrous toluene (15 mL) to afford a dark blue-
green solution. In a separate vial, bis(pentamethylcyclo-
pentadienyl)cobalt (0.097 g, 0.29 mmol) was dissolved 
in dry toluene (20 mL) to afford a red solution. Both                                                                                                                                                 
solutions were stirred for 20 min at 21 °C. The 
bis(pentamethylcyclopentadienyl)cobalt solution was 
added dropwise over a 10 min period to a stirred solution of complex 6.8. The dark blue-
green solution turned dark green and a precipitate of the same colour formed. The 
suspension was stirred at 21 °C for 1 h before the solid was collected via vacuum 
filtration and washed with anhydrous pentane (3 × 10 mL) to afford radical 6.8•‒ as a dark 
green solid. Yield = 0.13 g, 62%. M.p.: >250 °C. FT-IR (ATR): 3062 (w), 3029 (w),  
2978 (w), 2926 (w), 1591 (m), 1472 (s), 1374 (m), 1323 (m), 1264 (s), 1135 (m),       
1110 (m), 1012 (m), 846 (m), 735 (s), 702 (s), 516 (s) cm–1. UV-vis (CH2Cl2): max:     
772 nm (ε = 3,300 M−1 cm−1), 707 nm (ε = 2,600 M−1 cm−1), 483 nm (ε =                  
5,000 M−1 cm−1), 463 nm (ε = 4,800 M−1 cm−1), 401 nm (ε = 3,400 M−1 cm−1), 317 nm (ε 
= 12,000 M−1 cm−1), 294 nm (ε = 28,600 M−1 cm−1). Mass Spec. (ESI, ‒ve mode): exact 
mass calculated for [C25H18N4O228Si]‒: 434.1199; exact mass found: 434.1207; 
difference: +1.8 ppm.  
 
Radical 6.9•‒ 
In a vial, complex 6.9  (0.071 g, 0.15 mmol) was 
dissolved in anhydrous toluene (15 mL) to afford a dark 
blue-green solution. In a separate vial, 
bis(pentamethylcyclo-pentadienyl)cobalt (0.047 g,    
0.14 mmol) was dissolved in dry toluene (20 mL) to 
afford a red solution. Both solutions were stirred for     
20 min at 21 °C. The bis(pentamethylcyclo-
pentadienyl)cobalt solution was added dropwise over a 
10 min period to a stirred solution of complex 6.9. The dark blue-green solution turned 
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dark green and a precipitate of the same colour formed. The suspension was stirred at    
21 °C for 1 h at which time the suspension became dark red-brown in colour. The solid 
was collected via vacuum filtration and washed with anhydrous pentane (3 × 10 mL) to 
afford radical 6.9•‒ as a a dark red-brown solid. Yield = 0.067 g, 61%. M.p.: >250 °C. FT-
IR (ATR): 3065 (w), 3025 (w), 2963 (w), 2923 (w), 1579 (w), 1457 (s), 1355 (m),     
1317 (m), 1263 (s), 1133 (m), 1099 (m), 1015 (m), 829 (m), 732 (s), 699 (s) cm–1. UV-vis 
(CH2Cl2): max: 813 nm (ε = 4,600 M−1 cm−1), 707 nm (ε = 3,700 M−1 cm−1), 485 nm (ε = 
7,800 M−1 cm−1), 406 nm (ε = 4,800 M−1 cm−1), 326 nm (ε = 18,100 M−1 cm−1), 295 nm 
(ε = 42,500 M−1 cm−1). Mass Spec. (ESI, ‒ve mode): exact mass calculated for 
[C25H18N4O270Ge]‒: 476.0672; exact mass found: 476.0689; difference: +3.6 ppm. Anal. 
Calcd. (%) for C45H48CoGeN4O2•C4H8O: C, 66.83; H, 6.41; N, 6.36. Found: C, 67.03; H, 
6.76; N, 6.43. 
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7 Summary, Conclusions, and Future Work 
7.1 Summary and Conclusions 
The work included in this thesis describes the synthesis, characterization, and 
applications of group 13 (boron and aluminum) and 14 (silicon, germanium, and tin) 
complexes of formazanate ligands. Chapter two described the synthesis of BF2 
formazanates which were structurally modified and photoluminesced either in solution or 
in the solid state. The introduction of ortho methoxy groups caused the N-aryl 
substituents to twist relative to the formazanate backbone. The twisting of these groups 
caused the HOMO-LUMO gap to increase resulting in blue-shifted absorption and PL 
maxima that was consistent with the degree of ortho substitution. Moreover, the 
electrochemical reduction potentials became more negative as the number of ortho 
substituents increased due to the destabilization of the LUMO. The twisting of the N-aryl 
substituents prevents π-π interactions in the solid state which, in combination with the 
restriction of intramolecular motions, resulted in enhanced PL in the solid state. These 
results demonstrate the potential utility of BF2 formazanates as the active component in 
light-emitting devices. 
 
Figure 7.1. Examples of BF2 formazanates that exhibited aggregation-caused quenching 
(top) and aggregation-induced emission enhancement (bottom). 
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Chapter three described the synthesis of a BF2 formazanate complex which displayed 
NIR PL and ECL. The BF2 dye was produced in two synthetic steps and featured a 
remarkably simple molecular structure. Analysis of the solid-state structure revealed that 
the N-aryl substituents possessed significant quinoidal character which afforded enhanced 
π delocalization. The UV-vis absorption, PL, and ECL spectra were drastically red-
shifted compared to related BF2 formazanates because of this improved π delocalization. 
The BF2 dye displayed an ΦECL of 17.5%, which is similar to other organic dyes, but was 
85 nm red-shifted compared to the current state-of-the-art compound. This work will 
inspire the development of future generations organic dyes for the emerging applications 
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The synthesis and characterization of an oxoborane formazanate complex was reported in 
chapter four. The facile synthesis of an air- and moisture-stable BCl2 formazanate adduct 
enabled the synthesis of the oxoborane complex in a single synthetic step. Treatment of 
the oxoborane formazanate with water afforded a redox-active boroxine supported by a 
chelating N-donor ligand. All compounds were strongly absorbing in the visible region, 
but only the oxoborane formazanate complex was photoluminescent with a ΦPL of 36%. 
Electronic structure calculations show that, unlike typical triarylformazanate adducts, the 
oxoborane complex does not experience a large change in molecular geometry upon 
photoexcitation, which explains its relatively small Stokes shift and intense PL. These 
findings open up opportunities to exploit the structural rigidity imposed on formazanate 




Figure 7.3. Conversion of a non-photoluminescent BF2 formazanate complex to a 






ΦPL < 1% ΦPL = 36%
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Chapter five described the synthesis and characterization of a family of aluminum 
complexes of N2O23‒ formazanate ligands supported by phosphine oxide donors. Solid-
state structures of these compounds revealed that the aluminum atoms are octahedral with 
the formazanate ligands occupying the four equatorial coordination sites. All compounds 
are strongly absorbing and undergo oxidative and reductive redox events. The nature of 
the axial phosphine oxide donors had minimal influence on the absorption and 
electrochemical properties. Introduction of a 3-cyano substituent resulted in blue-shifted 
absorption maxima and shifted both the reduction and oxidation potentials to more 
positive values. Furthermore, the 3-cyano compound was photoluminescent in solution. 
Solution-based equilibria associated with phosphine-oxide ligation/dissociation were 
investigated and confirmed that the PL intensity was maximized in the presence of excess 
ligand. Examination of the ECL properties of the 3-cyano formazanate complex in the 
presence of tri-n-propylamine and excess OPPh3, which revealed an λECL maximum that 
was red-shifted by ca. 45 nm relative to the PL maximum wavelength recorded 
independently. These studies demonstrated the potential of six-coordinate aluminum 
formazanate complexes as redox-active and/or photoluminescent materials. 
 
 
Figure 7.4. Solid-state structure and UV-vis absorption spectrum of 3-phenyl aluminum 






The synthesis and characterization of hypervalent group 14 elements supported by a 
tetradentate N2O23‒ formazanate ligand was reported in chapter six. The electron-
accepting properties of these molecules were probed using cyclic voltammetry. While the 
Si- and Ge-containing compounds were converted to stable radicals via chemical 
reduction using CoCp*2, the analogous Sn-containing radical could not be isolated. This 
result was supported by cyclic voltammetry experiments which demonstrated that the Sn-
containing compound possessed irreversible reduction events at more negative potentials 
compared to the Si- and Ge-containing species. These findings were rationalized by 
examining the solid-state structures of the parent compounds which revealed that as the 
size of the group 14 elements increased, the π-electron systems became less planar. EPR 
spectroscopy performed on the Si- and Ge-containing radicals confirmed the presence of 
an unpaired electron and this was further supported by X-ray crystallography and UV-vis 
absorption spectroscopy. These results demonstrate that through judicious ligand design, 
it is possible to stabilize highly reactive species in the absence of appreciable steric bulk.  
 
 
Figure 7.5. Group 14 containing formazanate complexes which can be converted to 





Overall, the work in this thesis demonstrates that bi- and tetradentate formazanate ligands 
may be used to stabilize group 13 and 14 elements in a variety of coordination geometries 
(e.g., trigonal planar, tetrahedral, square-pyramidal, and octahedral). These compounds 
can be produced using straightforward synthetic routes and low-cost starting materials. 
Moreover, the resulting main-group complexes are strongly absorbing within the visible 
and near-infrared regions of the electromagnetic spectrum and some derivatives are 
emissive within these same regions. Furthermore, we can modify the molecular structure 
of the formazanate ligands to induce solid-state PL. Main-group formazanate complexes 
are electrochemically active and display reductive and oxidative redox events. In 
addition, formazanate ligands can be used to stabilize highly reactive open-shell species 
through efficient π-electronic delocalization and the presence of multiple electronegative 
atoms. This class of compound has been used as cell-imaging agents and as efficient 
electrochemiluminescent emitters, however, the full potential of these molecules has not 
been realized. Future efforts should be focused on designing three-coordinate boron 
formazanate complexes and using formazanate ligands to support a variety of other main-
group elements (e.g., phosphorus). Structurally related systems found in the literature 
possess interesting optoelectronic properties and have been used as sensing agents, as 
components of organic electronic devices, and for biological imaging studies. 
7.2 Future Work  
7.2.1 Three-Coordinate Boron Formazanate Complexes  
Three-coordinate boron-containing compounds have received significant attention over 
the past few decades.[1] These types of molecules have been used in a variety of 
applications including as anion-sensors,[2-3] materials for non-linear optics,[4-5] the active 
layer for OLED[6-8] and electroluminescent devices,[9] and as biological imaging 
agents.[10-11] The ability to incorporate a three-coordinate boron atom into the 
formazanate framework, either directly in the formazanate backbone, or at the periphery 
of the N-aryl substituents, will likely result in a family of compounds with unique 
spectroscopic and electrochemical properties. The incorporation of three-coordinate 
boron groups into other π-conjugated materials has been shown to generate molecules 
with NIR PL,[12-14] multi-colour PL,[15] and excellent sensing abilities.[16] These features, 
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combined with the tunable optoelectronic properties of formazanate complexes, will 
likely lead to new families of functional materials with unprecedented properties.  
To incorporate the three-coordinate boron centre into the formazanate backbone, a 
precursor such as 7.1 can be prepared by utilizing a literature procedure described by the 
Kanai group.[17] With this molecule in hand, a halide exchange using BCl3 will afford 
chloro-substituted complex 7.2 followed by halide abstraction using AlCl3 to generate the 
borenium formazanate 7.3 which features a sp2-hybridized boron atom. As a result of the 
empty p-orbital, this molecule is expected to be a strong Lewis acid. Furthermore, the 
presence of an unoccupied p-orbital should result in the N4CB ring being aromatic with 
enhanced electronic delocalization and which will likely stabilize the frontier orbitals and 
thus, reduce the HOMO-LUMO energy gap. Furthermore, we can explore the structure-
property relationships of the resulting compounds by modifying the substituent at the 3-
position (e.g., Ph, CN, or NO2) and altering the N-aryl substituents to explore how the 
presence of electron-donating groups (e.g., OMe or NMe2) or electron-withdrawing 
groups (e.g., CN or CF3) affect the stability and optoelectonic properties of the resulting 
molecules.  
 
Scheme 7.1. Proposed synthetic route to borenium formazanate complex 7.3. 
To install the three-coordinate boron centre on the periphery, BF2 formazanate 7.4 which 
features a terminal alkyne could undergo hydroboration with BMes2H to afford complex 
7.5. To append the BMes2 group directly to the N-aryl substituent, BF2 formazanate 7.6 
could be converted to compound 7.7 using conditions described by the Ito group.[18] Both 
compounds should be in π conjugation with the formazanate scaffold and thus, should 
modulate the properties of the resulting complexes. Furthermore, we could explore how 
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the incorporation of two BMes2 groups (e.g., 7.8) changes the resulting properties, as well 
as adding an electron-donating group on one N-aryl substituent  (e.g., 7.9) to explore a 
push-pull system.  
 
Scheme 7.2. Proposed synthesis of BF2 formazanate 7.5 via hydroboration. 
 
 
Scheme 7.3. Proposed synthesis of BF2 formazanate 7.7 and possible future derivatives to 
explore the effect of two electron-withdrawing groups (7.8) and a push-pull system (7.9). 
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A tridentate formazan such as 7.10 would be a useful platform for the realization of three-
coordinate boron-containing molecules. Incorporation of a BX functionality could be 
accomplished using BF3•OEt2 to afford 7.11 (X = F) or by heating with BCl3 to yield 7.12  
(X = Cl). Due to the extended π system, this molecule is expected to have a narrow 
HOMO-LUMO energy gap and will likely absorb and photoluminesce in the far red to 
NIR. Furthermore, the halide may be abstracted using the appropriate reagents (e.g., 
AlCl3) to afford dicationic boron formazanates 7.13 and 7.14. The removal of the halide 
should result in the boron adopting a planar geometry thus enhancing π-orbital overlap 
and reducing the frontier orbital energy gap. The presence of multiple nitrogen atoms in 
compounds 7.11‒7.14 should be a stabilizing factor for the frontier orbitals and may give 
rise to interesting electrochemical properties. In addition, compounds 7.11‒7.14 may 
prove to be an excellent platform to support radicals as they can stabilize these reactive 
species through electron delocalization throughout the extended π system.   
 
Scheme 7.4. Proposed synthetic route to cationic (7.11 and 7.12) and dicationic (7.13 and 
7.14) boron-containing formazanate complexes using a tridentate formazanate ligand. 
7.2.2 Phosphorus Formazanate Complexes As Molecular Materials 
As a result of their synthetic accessibility and interesting optoelectronic properties, 
organophosphorus compounds are being investigated for a number of applications 
including as photonic devices and dyes for bioimaging and sensing.[19-20] Recently, the 
Jiang group prepared a phosphorus dipyrromethene (PODIPY, 7.15) and the 
corresponding aza-PODIPY 7.16.[21] These molecules were moderately luminescent with 
large Stokes shifts, and were water soluble. The authors demonstrated that these dyes 
could be used for in vitro cellular imaging studies. As a result of these studies, it would 
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be interesting to synthesize phosphorus formazanate complex 7.17. If successful, future 
work could aim to establish structure-property relationships for this class of compounds.  
 
7.2.3 Fused BN Heterocycles Based Using Nitrogen-Rich 
Formazanate Ligands  
Polycyclic aromatic hydrocarbons (PAHs) continue to receive tremendous research 
interest for use in organic electronics and for the applications that require light-emitting 
materials.[22-23] A powerful strategy to modulate the properties of these systems is the 
incorporation of main-group elements into the π skeleton.[24] One particularly interesting 
strategy to realize these types of materials uses Lewis base-directed electrophilic 
aromatic borylation.[25-26] In this context, the two-coordinate nitrogen atoms of BF2 
formazanate 7.18 are attractive. These two atoms could be used as Lewis basic sites 
which can chelate with a Lewis acid (BBr3) to form species A.[27] In the presence of 
excess BBr3, a second molecule of BBr3 abstracts a bromide ion to afford cationic boron 
species B.[28] The boron atom can then be attacked by the neighboring aromatic ring and 
subsequently undergoes rearomatization to yield compound C.[29] The reactive B-Br 
bonds can be functionalized with an organozinc reagent to give compounds 7.19 and 
7.20.[30] Due to an extensive π system, compounds 7.19 and 7.20 are anticipated to 
possess rich redox properties and are expected to be strongly absorbing and 




Scheme 7.5. Proposed synthetic route to fused BN heterocycles derived from 
formazanate ligands. 
Overall, the work described in this thesis demonstrates the utility of formazanates as a 
versatile ligand framework which can chelate to a variety of group 13 and group 14 
elements. The resulting complexes are redox-active and often photoluminescent, 
rendering them potential candidates for use in organic electronics and for biomedical 
imaging. To continue to build on the results of this thesis new main-group formazanate 
complexes need to be realized and their applications in the above-mentioned fields should 
be explored.  
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Figure A2.2. 13C{1H} NMR spectrum of 1,5-bis(2,6-dimethoxyphenyl)-3-


































Figure A2.5. Normalized UV-vis PL spectra of (a) 2.5a, (b) 2.5b, and (c) 2.5c in pure 
























































































































































Figure A2.7. Intermolecular solid-state CHO, CHπ (a) and CHF (b) interactions 
for 2.5a. Anisotropic displacement ellipsoids are shown at 50% probability. All distances 







Figure A2.8. Intermolecular solid-state CHπ (a), CHO (b), CHN (c), and CHF 
(d) interactions for 2.5c. Anisotropic displacement ellipsoids are shown at 50% 












Figure A2.9. Intermolecular solid-state CHπ (a), CHO (b), and CHF (c) 
interactions for 2.5b. Anisotropic displacement ellipsoids are shown at 50% probability. 












Figure A2.10. Normalized UV-vis absorption (black line) and PL (red line) spectra of 
thin films of (a) 2.5b and (b) 2.5c. Insets provide a visual representation of the 
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Figure A3.3. UV-vis absorption spectrum of formazan 3.4 recorded for a 6 µM dry, 

































Figure A3.6. Top and side views of the second conformation of BF2 formazanate 3.3 
found within the unit cell of the determined solid-state structure. Anisotropic 
displacement ellipsoids are shown at the 50% probability level and hydrogen atoms have 
been omitted for clarity. N-aryl substituents (side view) have been displayed as wireframe 




















Figure A3.7. Normalized UV-vis absorption (solid lines) and PL (dashed lines) spectra 





Table A3.1. ECL efficiencies of CH3CN solutions containing 0.05 mM 3.3, 15 mM 
TPrA, and 0.1 M [nBu4N][PF6] as supporting electrolyte at different potential scan rates 
relative to the [Ru(bpy)3][PF6]2/TPrA standard.[2] 








Figure A3.8. Accumulated ECL spectra recorded at different scan rates for an CH3CN 
solution containing 0.05 mM 3.3, 15 mM TPrA, and 0.1 M [nBu4N][PF6] as supporting 
electrolyte. Data were obtained for eight consecutive cycles scanned between ‒0.35 V 
and 0.95 V relative to the ferrocene/ferrocenium redox couple.       
 
Table A3.2. ECL efficiencies of CH3CN solutions containing 0.05 mM 3.3, 0.1 M 
[nBu4N][PF6] as supporting electrolyte, and different concentrations of TPrA at           
200 mV s‒1 relative to the [Ru(bpy)3][PF6]2/TPrA standard.[2] 
Concentration of TPrA (mM) ECL Efficiency (%) 
15 17.5 
20 15.8 











Figure A3.9. Accumulated ECL spectra recorded at 200 mV s‒1 for CH3CN solutions 
containing 0.05 mM 3.3, 0.1 M [nBu4N][PF6] as supporting electrolyte, and different 
concentrations of TPrA. Data were obtained for eight consecutive cycles scanned 




Figure A3.10. ECL spooling spectra recorded at 25 mV s‒1 for an CH3CN solution 
containing 0.05 mM 3.3, 15 mM TPrA, and 0.1 M [nBu4N][PF6] obtained by reversibly 
scanning between ‒0.35 V and 0.95 V and a time interval of 2 s for each spectrum. The 
potential window is shown from ‒0.10 V to 0.95 V for clarity.       
 
Figure A3.11. ECL spooling spectra recorded at 50 mV s‒1 for an CH3CN solution 
containing 0.05 mM 3.3, 15 mM TPrA, and 0.1 M [nBu4N][PF6] obtained by reversibly 




Figure A3.12. ECL spooling spectra recorded at 100 mV s‒1 for an CH3CN solution 
containing 0.05 mM 3.3, 15 mM TPrA, and 0.1 M [nBu4N][PF6] obtained by reversibly 
scanning between ‒0.35 V and 0.95 V and a time interval of 2 s for each spectrum.       
 
Figure A3.13. ECL spooling spectra recorded at 12.5 mV s‒1 for an CH3CN solution 
containing 0.05 mM 3.3, 20 mM TPrA, and 0.1 M [nBu4N][PF6] obtained by reversibly 
scanning between ‒0.35 V and 0.95 V and a time interval of 4 s for each spectrum. The 




Figure A3.14. ECL spooling spectra recorded at 12.5 mV s‒1 for an CH3CN solution 
containing 0.05 mM 3.3, 25 mM TPrA, and 0.1 M [nBu4N][PF6] obtained by reversibly 
scanning between ‒0.35 V and 1.15 V and a time interval of 4 s for each spectrum. The 
potential window is shown from ‒0.10 V and 1.15 V for clarity.       
 
Figure A3.15. ECL spooling spectra recorded at 12.5 mV s‒1 for an CH3CN solution 
containing 0.05 mM 3.3, 30 mM TPrA, and 0.1 M [nBu4N][PF6] obtained by reversibly 
scanning between ‒0.35 V and 1.35 V and a time interval of 4 s for each spectrum. The 
potential window is shown from ‒0.05 V and 1.35 V for clarity.       
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Figure A4.1. 1H NMR spectrum of BCl2 formazanate 4.9 recorded in CD2Cl2. 
 
 



























Figure A4.6. 11B NMR spectrum of oxoborane formazanate 4.10 recorded in CDCl3. The 












Figure A4.8. 27Al NMR spectrum of oxoborane formazanate 4.10 recorded in CDCl3. 













Figure A4.10. 11B NMR spectrum of boroxine 4.11 recorded in CD2Cl2. The background 





















Figure A4.13. 11B NMR spectrum of B(OCH3)2 formazanate complex recorded in 











Figure A4.15. Cyclic voltammogram of a 1 mM CH2Cl2 solution of BCl2 formazanate 
4.9 containing 0.1 M [nBu4N][PF6] as supporting electrolyte recorded at a scan rate of 







Figure A4.16. Cyclic voltammogram of a 1 mM CH2Cl2 solution of boroxine 4.11 
containing 0.1 M [nBu4N][PF6] as supporting electrolyte recorded at a scan rate of       
100 mV s‒1. The arrow denotes the scan direction. 
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Optimized PBE1PBE/DGDZVP2 geometries of the ground and 




# PBE1PBE DGDZVP2 SCRF=(PCM,Solvent=Dichloromethane) 
  Opt=Tight Int(Grid=SuperFine) 
 
Compound 4.8, ground state (Cs) 
 
0,1 
B    -0.915756    1.113762   -0.000000 
F    -0.594874    2.476194   -0.000000 
F    -2.285761    0.909019   -0.000000 
C    -2.646146    0.454977    4.028725 
C    -2.646146    0.454977   -4.028725 
C    -2.219751   -0.638696    4.793475 
C    -2.219751   -0.638696   -4.793475 
C    -1.118412   -1.374831    4.333130 
C    -1.118412   -1.374831   -4.333130 
C    -0.469407   -1.039583    3.151022 
C    -0.469407   -1.039583   -3.151022 
C    -0.914415    0.053909    2.399471 
C    -0.914415    0.053909   -2.399471 
C    -2.009749    0.803373    2.842084 


































N    -0.237157    0.418382    1.210688 
N    -0.237157    0.418382   -1.210688 
C    -2.937503   -1.029838   -6.054150 
C    -2.937503   -1.029838    6.054150 
N     1.030886    0.146946   -1.180687 
N     1.030886    0.146946    1.180687 
C     1.663271    0.190351    0.000000 
C     3.134539    0.056305    0.000000 
C     3.842950    0.001302   -1.208450 
C     3.842950    0.001302    1.208450 
C     5.230810   -0.122879   -1.206475 
C     5.230810   -0.122879    1.206475 
C     5.931814   -0.188005    0.000000 
H    -2.253760   -1.485250   -6.774074 
H    -2.253760   -1.485250    6.774074 
H    -3.414329   -0.166235   -6.522808 
H    -3.414329   -0.166235    6.522808 
H    -3.722653   -1.762588   -5.837432 
H    -3.722653   -1.762588    5.837432 
H    -3.486877    1.051823   -4.370863 
H    -3.486877    1.051823    4.370863 
H    -2.348116    1.664439   -2.278071 
H    -2.348116    1.664439    2.278071 
H     0.375393   -1.621152    2.798893 
H     0.375393   -1.621152   -2.798893 
H    -0.768456   -2.229117    4.906000 
H    -0.768456   -2.229117   -4.906000 
H     3.301422    0.056723   -2.146500 
H     3.301422    0.056723    2.146500 
H     5.767605   -0.165528   -2.149566 
H     5.767605   -0.165528    2.149566 
H     7.013561   -0.281242    0.000000 
 
 
# PBE1PBE DGDZVP2 SCRF=(PCM,Solvent=Dichloromethane) 
  TD=(Root=1) Opt=Tight Int(Grid=SuperFine) 
 
Compound 4.8, first singlet excited state (C2) 
 
0,1 
B     0.000000   -0.000000   -1.224852 
F     1.153132    0.006104   -2.025965 
F    -1.153132   -0.006104   -2.025965 
C     0.021398   -3.995395   -2.807762 
C    -0.021398    3.995395   -2.807762 
C    -0.025053    5.140335   -1.992942 
C    -0.027961    4.948149   -0.599630 
206 
 
C     0.027961   -4.948149   -0.599630 
C    -0.020578    3.682031   -0.040569 
C     0.020578   -3.682031   -0.040569 
C     0.012240   -2.534715   -0.869115 
C    -0.012240    2.534715   -0.869115 
C     0.013986   -2.718636   -2.272302 
C    -0.013986    2.718636   -2.272302 
N    -0.006449    1.262663   -0.319884 
N     0.006449   -1.262663   -0.319884 
N     0.006632   -1.210708    1.006076 
N    -0.006632    1.210708    1.006076 
C    -0.000000    0.000000    1.583699 
C    -0.000000    0.000000    3.051592 
C    -0.000000    0.000000    5.860936 
C     0.025053   -5.140335   -1.992942 
C     0.000000    6.516365   -2.585187 
C    -0.000000   -6.516365   -2.585187 
C     0.010035   -1.213531    3.769430 
C    -0.010035    1.213531    3.769430 
C     0.010091   -1.210604    5.158499 
C    -0.010091    1.210604    5.158499 
H     0.508369   -7.236210   -1.939324 
H    -0.508369    7.236210   -1.939324 
H     0.468774   -6.533758   -3.571712 
H    -0.468774    6.533758   -3.571712 
H     1.033596    6.862723   -2.708537 
H    -1.033596   -6.862723   -2.708537 
H     0.025775   -4.110928   -3.888150 
H    -0.025775    4.110928   -3.888150 
H     0.013003   -1.864302   -2.936111 
H    -0.013003    1.864302   -2.936111 
H    -0.024615    3.553633    1.033717 
H     0.024615   -3.553633    1.033717 
H    -0.037593    5.814441    0.056512 
H     0.037593   -5.814441    0.056512 
H     0.017839   -2.147673    3.221086 
H    -0.017839    2.147673    3.221086 
H     0.018004   -2.151279    5.700440 
H    -0.018004    2.151279    5.700440 










# PBE1PBE DGDZVP2 SCRF=(PCM,Solvent=Dichloromethane) 
  Opt=Tight Int(Grid=SuperFine) 
 
Compound 4.9, ground state (Cs) 
 
0,1 
B    -0.927085    0.795734    0.000000 
Cl   -0.760971    2.667376    0.000000 
Cl   -2.693367    0.286856    0.000000 
C    -2.298784    0.370022    4.254653 
C    -2.298784    0.370022   -4.254653 
C    -1.892840   -0.778336    4.948794 
C    -1.892840   -0.778336   -4.948794 
C    -0.903540   -1.584353    4.369853 
C    -0.903540   -1.584353   -4.369853 
C    -0.342389   -1.263224    3.138439 
C    -0.342389   -1.263224   -3.138439 
C    -0.771994   -0.120784    2.458990 
C    -0.771994   -0.120784   -2.458990 
C    -1.753916    0.701091    3.018899 
C    -1.753916    0.701091   -3.018899 
N    -0.166777    0.219086    1.215601 
N    -0.166777    0.219086   -1.215601 
C    -2.519451   -1.145865   -6.264023 
C    -2.519451   -1.145865    6.264023 
N     1.114204    0.027607   -1.178329 
N     1.114204    0.027607    1.178329 
C     1.745079    0.092518   -0.000000 
C     3.220998    0.024294   -0.000000 
C     3.929951    0.000340   -1.208824 
C     3.929951    0.000340    1.208824 
C     5.321980   -0.060984   -1.206613 
C     5.321980   -0.060984    1.206613 
C     6.024865   -0.094158   -0.000000 
H    -1.846551   -1.759923   -6.866137 
H    -1.846551   -1.759923    6.866137 
H    -2.787148   -0.255091   -6.836962 
H    -2.787148   -0.255091    6.836962 
H    -3.438201   -1.720557   -6.103554 
H    -3.438201   -1.720557    6.103554 
H    -3.049163    1.022585   -4.691809 
H    -3.049163    1.022585    4.691809 
H    -2.067195    1.605690   -2.510475 
H    -2.067195    1.605690    2.510475 
H     0.418062   -1.896496    2.694241 
H     0.418062   -1.896496   -2.694241 
H    -0.570867   -2.479951    4.886876 
208 
 
H    -0.570867   -2.479951   -4.886876 
H     3.386714    0.030397   -2.146986 
H     3.386714    0.030397    2.146986 
H     5.860170   -0.079837   -2.149614 
H     5.860170   -0.079837    2.149614 
H     7.109681   -0.138756   -0.000000 
 
 
# PBE1PBE DGDZVP2 SCRF=(PCM,Solvent=Dichloromethane) 
  TD=(Root=1) Opt=Tight Int(Grid=SuperFine) 
 
Compound 4.9, first singlet excited state (C2) 
 
0,1 
B     0.000000   -0.000000   -1.076964 
Cl    1.562385    0.007811   -2.110802 
Cl   -1.562385   -0.007811   -2.110802 
C     0.019608   -4.134367   -2.564513 
C    -0.019608    4.134367   -2.564513 
C    -0.024061    5.234600   -1.693122 
C    -0.028162    4.966456   -0.313689 
C     0.028162   -4.966456   -0.313689 
C    -0.021282    3.671479    0.174860 
C     0.021282   -3.671479    0.174860 
C     0.012166   -2.566951   -0.709470 
C    -0.012166    2.566951   -0.709470 
C     0.012844   -2.829283   -2.097650 
C    -0.012844    2.829283   -2.097650 
N    -0.006328    1.266475   -0.198347 
N     0.006328   -1.266475   -0.198347 
N     0.006250   -1.205897    1.129768 
N    -0.006250    1.205897    1.129768 
C    -0.000000    0.000000    1.709404 
C    -0.000000    0.000000    3.177269 
C    -0.000000    0.000000    5.985276 
C     0.024061   -5.234600   -1.693122 
C     0.000000    6.640741   -2.210315 
C    -0.000000   -6.640741   -2.210315 
C     0.006700   -1.213715    3.894366 
C    -0.006700    1.213715    3.894366 
C     0.006698   -1.210851    5.283204 
C    -0.006698    1.210851    5.283204 
H     0.576340   -7.309908   -1.566542 
H    -0.576340    7.309908   -1.566542 
H     0.397308   -6.698521   -3.225855 
H    -0.397308    6.698521   -3.225855 
H     1.027986    7.022227   -2.236157 
209 
 
H    -1.027986   -7.022227   -2.236157 
H     0.022686   -4.304015   -3.637575 
H    -0.022686    4.304015   -3.637575 
H     0.011124   -2.021174   -2.815079 
H    -0.011124    2.021174   -2.815079 
H    -0.026191    3.491872    1.240835 
H     0.026191   -3.491872    1.240835 
H    -0.038448    5.793959    0.390653 
H     0.038448   -5.793959    0.390653 
H     0.011821   -2.148382    3.347257 
H    -0.011821    2.148382    3.347257 
H     0.011904   -2.151421    5.825178 
H    -0.011904    2.151421    5.825178 
H    -0.000000    0.000000    7.070988 
 
 
# PBE1PBE DGDZVP2 SCRF=(PCM,Solvent=Dichloromethane) 
  Opt=Tight Int(Grid=SuperFine) 
 
Compound 4.10, ground state (C1) 
 
0,1 
B    -0.039881    0.099663   -0.270185 
O    -1.261808    0.568894   -0.195345 
Al   -2.837128    0.885787    0.532295 
Cl   -3.236688   -0.578172    2.060449 
Cl   -2.824423    2.854331    1.404303 
Cl   -4.288627    0.783948   -1.057149 
C     4.993471   -0.498440    0.166570 
C     4.144702   -2.764963    0.138259 
C     3.912552   -1.384765    0.069009 
C     5.440365   -3.249210    0.303139 
C     6.287194   -0.987900    0.331590 
C     6.516009   -2.363834    0.400643 
C     2.536587   -0.867775   -0.100399 
N     2.381916    0.456392   -0.188663 
N     1.550510   -1.762452   -0.203051 
N     1.175075    0.941442   -0.298852 
N     0.323004   -1.331407   -0.316091 
C     1.108677    2.363906   -0.358974 
C    -0.663303   -2.357422   -0.393277 
C     0.135912    2.989028   -1.143201 
C    -1.788531   -2.188225   -1.203901 
C     0.113604    4.376803   -1.219298 
C    -2.727426   -3.210105   -1.284175 
C     1.033468    5.161775   -0.511866 
C    -2.575684   -4.399087   -0.558452 
210 
 
C     1.999393    4.508962    0.269388 
C    -1.434327   -4.544752    0.244398 
C     2.047419    3.123915    0.346053 
C    -0.479166   -3.540663    0.327907 
C     0.969625    6.660541   -0.561861 
C    -3.620724   -5.475125   -0.613201 
H    -1.922339   -1.283991   -1.786107 
H    -0.579340    2.403229   -1.707498 
H    -3.594811   -3.078327   -1.923986 
H    -0.634896    4.857621   -1.841842 
H    -1.296573   -5.455558    0.819828 
H     2.719940    5.095697    0.831697 
H     0.394123   -3.656801    0.959824 
H     2.791864    2.628165    0.958548 
H     3.311646   -3.454321    0.060372 
H     4.819005    0.570007    0.110582 
H     5.611017   -4.320100    0.355055 
H     7.118714   -0.293872    0.405938 
H     0.514050    7.007152   -1.491555 
H    -4.147999   -5.466992   -1.569317 
H     0.362144    7.041727    0.266262 
H    -4.365245   -5.320137    0.175309 
H     1.964138    7.102574   -0.469884 
H    -3.180857   -6.463038   -0.461092 
H     7.525045   -2.743364    0.528975 
 
 
# PBE1PBE DGDZVP2 SCRF=(PCM,Solvent=Dichloromethane) 
  TD=(Root=1) Opt=Tight Int(Grid=SuperFine) 
 
Compound 4.10, first singlet excited state (C1) 
 
0,1 
B    -0.016998    0.119426   -0.288603 
O    -1.121259    0.799163   -0.072461 
Al   -2.558789    1.316420    0.809348 
Cl   -3.202280   -0.253682    2.134955 
Cl   -2.068362    3.075604    1.948832 
Cl   -4.060236    1.767328   -0.668121 
C     4.768909   -1.371948    0.270572 
C     3.496154   -3.448500    0.307696 
C     3.532110   -2.044355    0.169193 
C     4.664456   -4.156060    0.547311 
C     5.933594   -2.085838    0.509304 
C     5.887901   -3.479707    0.649384 
C     2.293938   -1.290179   -0.074085 
N     2.434712    0.034880   -0.188336 
211 
 
N     1.183143   -2.022826   -0.201311 
N     1.317483    0.751627   -0.381442 
N     0.038774   -1.352368   -0.407324 
C     1.514359    2.134157   -0.512262 
C    -1.099576   -2.154253   -0.571824 
C     0.558847    2.934161   -1.169258 
C    -2.213059   -1.670999   -1.286957 
C     0.778026    4.294405   -1.311232 
C    -3.328552   -2.475070   -1.451462 
C     1.940566    4.906999   -0.812125 
C    -3.379491   -3.775871   -0.919934 
C     2.891594    4.091425   -0.171175 
C    -2.249996   -4.250610   -0.227401 
C     2.693937    2.728751   -0.024294 
C    -1.123193   -3.464106   -0.057015 
C     2.151423    6.383589   -0.938862 
C    -4.606034   -4.620965   -1.066158 
H    -2.192203   -0.683305   -1.732070 
H    -0.335011    2.486520   -1.585256 
H    -4.177096   -2.092300   -2.010892 
H     0.037904    4.896191   -1.830418 
H    -2.264544   -5.253408    0.189948 
H     3.799087    4.540575    0.222449 
H    -0.263117   -3.835724    0.486200 
H     3.429819    2.112479    0.477046 
H     2.545765   -3.961652    0.224666 
H     4.793379   -0.294785    0.158138 
H     4.632012   -5.235339    0.655869 
H     6.882400   -1.564952    0.587680 
H     1.639404    6.785187   -1.815998 
H    -5.134202   -4.398094   -1.996010 
H     1.746743    6.900190   -0.059806 
H    -5.301805   -4.420855   -0.241908 
H     3.213693    6.630297   -1.000636 
H    -4.363377   -5.685352   -1.038208 








Appendix A5 Supporting Information for Chapter 5 
 
Figure A5.1 1H NMR spectrum of formazan 5.6a recorded in CDCl3. The inset is an 
expansion of the aryl region.   
 
Figure A5.2 13C{1H} NMR spectrum of formazan 5.6a recorded in CDCl3. The inset is 
an expansion of the aryl region. 































































































































































Figure A5.4 13C{1H} NMR spectrum of tri(ethylferrocene)phosphine oxide recorded in 
CDCl3. The inset is an expansion of the signals associated with ferrocene. 


































































Figure A5.5 1H NMR spectrum of complex 5.7a recorded in CDCl3. The inset is an 
expansion of the aryl region.   
 
 
Figure A5.6 13C{1H} NMR spectrum of complex 5.7a recorded in CDCl3. The insets 
show expansions of the aryl region. 








































































































































































































































Figure A5.7 1H NMR spectrum of complex 5.7b recorded in CDCl3. The inset is an 





Figure A5.8 13C{1H} NMR spectrum of complex 5.7b recorded in CDCl3. The inset is an 
expansion of the aryl region.  


























































































































































































Figure A5.9 1H NMR spectrum of complex 5.8a recorded in CDCl3. The inset is an 
expansion of the aryl region.   
 
 
Figure A5.10 13C{1H} NMR spectrum of complex 5.8a recorded in CDCl3. The insets 
are expansions of the aryl region (a) or alkyl region (b) and (c).   








































































































































































































































































Figure A5.11 1H NMR spectrum of complex 5.9a recorded in C6D6. The insets are an 
expansion of the aryl region.   
 
 
Figure A5.12 13C{1H} NMR spectrum of complex 5.9a recorded in C6D6. The insets are 
expansions of the aryl regions.  





































































































































































































































































































































































Figure A5.14 Variable temperature 31P{1H} NMR spectra of complex 5.7a and one 
equivalent of triphenylphosphine oxide recorded in CD2Cl2.  







Figure A5.15 UV-vis absorption spectra of 5 µM CH2Cl2 solutions of (a) complex 5.7a 
with 0 (black line) and 50 (red line) equivalents of triphenylphosphine oxide and (b) 5.8a 






























































5.7a + 50 OPPh3 5.7a


























Figure A5.18 Cyclic voltammograms of complex 5.8a containing 0 (black line) and 50 
(blue line) equivalents of tri-n-butylphosphine oxide recorded in dry, degassed CH2Cl2 
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Figure A5.19 Cyclic voltammogram of complex 5.9a recorded in dry, degassed CH2Cl2 
containing ~1 mM analyte and 0.1 M [nBu4N][PF6] at a scan rate of 250 mV s‒1. 
 
 
Figure A5.20 Cyclic voltammogram of tri(ethylferrocene)phosphine oxide recorded in 
dry, degassed CH2Cl2 containing ~1 mM analyte and 0.1 M [nBu4N][PF6] at a scan rate 
of 0.25 V s‒1. 
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Potential (V vs. Fc/Fc+)
200 μA
200 µA 5.9a
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Table A5.1 Five lowest singlet-singlet electronic excitation energies of 5.7a in CH2Cl2 
solution calculated with TDDFT using various density functionals and the 6-311+G(d,p) 
basis set. Non-equilibrium solvation effects are treated implicitly using the polarizable 
continuum model (PCM). The geometry of the complex is taken without re-optimization 
from X-ray measurements. 
 
Excitation λmax (eV) λmax (nm) Oscillator Strength, f 
M06 
1 1.95 636 0.3764 
2 2.45 507 0.0003 
3 2.75 450 0.0841 
4 3.01 412 0.0097 
5 3.03 409 0.0014 
    
M06-2X 
1 2.12 584 0.4097 
2 2.69 461 0.0001 
3 3.31 375 0.1675 
4 3.66 339 0.0032 
5 3.84 323 0.0757 
    
PBE1PBE 
1 2.01 615 0.3845 
2 2.61 475 0.0002 
3 2.81 441 0.0823 
4 3.00 413 0.0012 
5 3.01 412 0.0024 
    
LC-PBE 
1 2.20 563 0.4075 
2 2.91 426 0.0000 
3 3.64 340 0.2636 
4 4.11 302 0.0014 






# TD(NStates=5) M06 6-311+G(d,p) Int(Grid=UltraFine) 
  SCRF=(PCM,Solvent=Dichloromethane) 
 
Al complex 5.7a 
 
0,1 
P     3.389853    0.734868   -0.201298 
Al    0.000000    0.567130    0.000000 
O     0.218138    1.708584    1.415522 
O     1.917453    0.494329   -0.312997 
N     0.204997   -0.887172    1.314270 
N     0.194428   -2.185542    1.213794 
C     0.000000   -2.752211   -0.000001 
C     0.375521   -0.343870    2.592417 
C     0.360281    1.077475    2.576402 
C     0.468264    1.755805    3.799554 
H     0.456325    2.705173    3.818072 
C     0.593414    1.039352    4.983355 
H     0.648409    1.507395    5.807304 
C     0.639846   -0.360349    4.984198 
H     0.742954   -0.834049    5.801111 
C     0.534707   -1.054173    3.784745 
H     0.570843   -2.002310    3.775979 
C     0.000000   -4.235044   -0.000001 
C    -0.515392   -4.956169   -1.085336 
H    -0.871920   -4.488863   -1.831344 
C    -0.513724   -6.348000   -1.086280 
H    -0.865755   -6.820469   -1.832377 
C     0.000000   -7.055106   -0.000002 
H     0.000000   -8.005949   -0.000002 
C     4.281684   -0.820274   -0.146380 
C     5.628081   -0.843639    0.253315 
H     6.054606   -0.039628    0.524295 
C     6.337609   -2.034529    0.253707 
H     7.252202   -2.044121    0.512379 
C     5.711341   -3.204513   -0.123317 
H     6.199067   -4.019099   -0.127489 
C     4.380312   -3.199594   -0.494236 
H     3.954027   -4.014180   -0.733486 
C     3.652620   -1.998866   -0.521066 
H     2.742679   -1.992471   -0.792213 
C     3.898689    1.610942    1.277721 
C     3.757174    0.938268    2.497934 
H     3.403601    0.056291    2.516528 
C     4.135901    1.561259    3.680556 
H     4.040208    1.108957    4.509670 
C     4.656766    2.853972    3.646477 
225 
 
H     4.913206    3.278236    4.456275 
C     4.803733    3.525908    2.441930 
H     5.162479    4.404687    2.428077 
C     4.423372    2.905869    1.251444 
H     4.521229    3.364319    0.424862 
C     3.969444    1.631849   -1.648383 
C     3.026819    1.998314   -2.602166 
H     2.102096    1.846809   -2.441054 
C     3.441748    2.587610   -3.795895 
H     2.799513    2.830610   -4.452686 
C     4.787962    2.818311   -4.026827 
H     5.067083    3.211833   -4.844588 
C     5.728643    2.475703   -3.067414 
H     6.649318    2.651066   -3.222662 
C     5.326656    1.876815   -1.878022 
H     5.971405    1.635292   -1.223943 
O    -0.218138    1.708585   -1.415521 
N    -0.204997   -0.887171   -1.314271 
N    -0.194428   -2.185542   -1.213796 
C    -0.375522   -0.343868   -2.592417 
C    -0.360280    1.077477   -2.576402 
C    -0.468264    1.755807   -3.799552 
H    -0.456325    2.705175   -3.818070 
C    -0.593414    1.039356   -4.983355 
H    -0.648410    1.507399   -5.807303 
C    -0.639845   -0.360345   -4.984199 
H    -0.742953   -0.834045   -5.801112 
C    -0.534707   -1.054171   -3.784745 
H    -0.570843   -2.002308   -3.775980 
C     0.515392   -4.956169    1.085333 
H     0.871920   -4.488865    1.831340 
C     0.513724   -6.348000    1.086275 
H     0.865756   -6.820471    1.832372 
P    -3.389853    0.734868    0.201299 
O    -1.917452    0.494329    0.312997 
C    -4.281683   -0.820274    0.146379 
C    -5.628081   -0.843639   -0.253315 
H    -6.054606   -0.039628   -0.524295 
C    -6.337609   -2.034529   -0.253709 
H    -7.252202   -2.044121   -0.512381 
C    -5.711342   -3.204513    0.123315 
H    -6.199066   -4.019099    0.127485 
C    -4.380312   -3.199594    0.494235 
H    -3.954027   -4.014180    0.733483 
C    -3.652620   -1.998866    0.521065 
H    -2.742679   -1.992471    0.792213 
C    -3.898690    1.610942   -1.277721 
226 
 
C    -3.757174    0.938270   -2.497933 
H    -3.403601    0.056293   -2.516528 
C    -4.135901    1.561261   -3.680554 
H    -4.040208    1.108960   -4.509669 
C    -4.656767    2.853974   -3.646476 
H    -4.913206    3.278239   -4.456272 
C    -4.803733    3.525910   -2.441928 
H    -5.162479    4.404689   -2.428074 
C    -4.423373    2.905869   -1.251442 
H    -4.521229    3.364319   -0.424859 
C    -3.969443    1.631847    1.648383 
C    -3.026820    1.998312    2.602167 
H    -2.102096    1.846807    2.441056 
C    -3.441749    2.587608    3.795896 
H    -2.799512    2.830607    4.452687 
C    -4.787961    2.818309    4.026829 
H    -5.067083    3.211829    4.844590 
C    -5.728643    2.475701    3.067415 
H    -6.649318    2.651063    3.222664 
C    -5.326656    1.876813    1.878024 
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Figure A6.7 Calculated transitions (blue peaks) and simulated UV-vis absorption spectra 
(red curves) of complexes 6.8‒6.10.  
 
Table A6.1. UV-vis absorption band maxima of complexes 6.8–6.10 in CH2Cl2 solution 
calculated using the adiabatic linear-response time-dependent PBE1PBE/6-311+G* 




calcd (nm)  ƒ (oscillator strength) Dominant orbital pair 
Compound 6.8 (E = Si) 
662 602 0.3717 HOMO → LUMO 
474 466 0.0777 HOMO‒1 → LUMO 
329 310 0.5407 HOMO → LUMO+1 
Compound 6.9 (E = Ge) 
681 610 0.3796 HOMO → LUMO 
472 457 0.0835 HOMO‒1 → LUMO 
331 319 0.5629 HOMO → LUMO+1 
Compound 6.10 (E = Sn) 
681 604 0.4125 HOMO → LUMO 
463 445 0.0896 HOMO‒1 → LUMO 




Compound 8 (E = Si)
Compound 9 (E = Ge)




Compound 6.8 (E = Si)
Compound 6.9 (E = e)







Figure A6.8 (a) Molecular orbitals of 6.9 and 6.9•‒ and the spin density of 6.9•‒ calculated 
at the PBE1PBE/6-311+G* level of theory in CH2Cl2 solution. (b) Top and side views of 
the solid-state structures of 6.9 and 6.9•‒. Anisotropic displacement ellipsoids are shown 
at the 50% probability level and the hydrogen atoms and apical-phenyl substituents (side 
views) are omitted for clarity. 
 
 
SOMO of 6.9•‒ Spin density of 6.9•‒
LUMO of 6.9HOMO of 6.9
(a)











Figure A6.9 (a) Molecular orbitals of 6.10 calculated at the PBE1PBE/6-311+G* level of 
theory in CH2Cl2 solution. (b) Top and side view of the solid-state structure of 6.10. 
Anisotropic displacement ellipsoids are shown at the 50% probability level and the 
hydrogen atoms and apical-phenyl substituent (side view) are omitted for clarity.  
 
 
Table A6.2 Experimental and calculated EPR spectroscopy parameters for radicals 6.8•‒ 
and 6.9•‒.  See Scheme 6.1 for the atom-labeling convention. 
 g-factor Line width (G) aN(top) (G) aN(bottom) (G) aH(ortho) (G) aH(para) (G) 
Radical 6.8•‒ (E = Si) 
Experimental 2.0037 1.436 3.37 5.05 1.61 1.58 
Calculated[a]   2.79 4.34 2.10 1.99 
Radical 6.9•‒ (E = Ge) 
Experimental 2.0035 1.436 3.75 4.94 1.56 1.55 
Calculated[b]   2.92 4.29 2.19 2.08 
     [a]Values from Table A6.2 averaged over equivalent atoms. 




Side viewLUMO of 6.10HOMO of 6.10
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Table A6.3. PBE1PBE/EPR-III (TZVP for Si) isotropic hyperfine coupling constants of 
6.8•‒ at the PBE1PBE/6-311+G* geometry. 
 --------------------------------------------------------------- 
              Isotropic Fermi contact couplings in various units 
              -------------------------------------------------- 
 Atom            a.u.      MegaHertz      Gauss       10-4 cm-1 
 --------------------------------------------------------------- 
 1  Si(29)    -0.01255     11.14992      3.97857      3.71921 
 2  O(17)     -0.00006      0.03390      0.01210      0.01131 
 3  O(17)     -0.00009      0.05549      0.01980      0.01851 
 4  N(14)      0.02435      7.86643      2.80694      2.62396 
 5  N(14)      0.03789     12.24102      4.36790      4.08316 
 6  N(14)      0.02405      7.77012      2.77257      2.59183 
 7  N(14)      0.03732     12.05699      4.30223      4.02178 
 8  C(13)     -0.02440    -27.43309     -9.78881     -9.15070 
 9  C(13)     -0.01168    -13.13161     -4.68568     -4.38023 
10  C(13)      0.00452      5.08579      1.81474      1.69644 
11  C(13)     -0.00453     -5.08807     -1.81555     -1.69720 
12  H(1)       0.00031      1.39423      0.49750      0.46507 
13  C(13)      0.00561      6.30523      2.24986      2.10320 
14  H(1)      -0.00127     -5.65644     -2.01836     -1.88679 
15  C(13)     -0.00555     -6.23671     -2.22541     -2.08034 
16  H(1)       0.00044      1.98744      0.70917      0.66294 
17  C(13)      0.00607      6.82302      2.43462      2.27591 
18  H(1)      -0.00133     -5.95444     -2.12469     -1.98619 
19  C(13)     -0.01114    -12.51951     -4.46727     -4.17606 
20  C(13)      0.00431      4.84635      1.72930      1.61657 
21  C(13)     -0.00447     -5.02753     -1.79395     -1.67700 
22  H(1)       0.00031      1.37811      0.49174      0.45969 
23  C(13)      0.00549      6.17098      2.20196      2.05842 
24  H(1)      -0.00123     -5.51206     -1.96684     -1.83863 
25  C(13)     -0.00543     -6.09996     -2.17662     -2.03473 
26  H(1)       0.00044      1.96611      0.70156      0.65582 
27  C(13)      0.00582      6.54281      2.33464      2.18245 
28  H(1)      -0.00130     -5.79323     -2.06717     -1.93241 
29  C(13)      0.00427      4.80550      1.71472      1.60294 
30  C(13)     -0.00317     -3.55819     -1.26965     -1.18688 
31  H(1)       0.00052      2.33545      0.83335      0.77902 
32  C(13)      0.00257      2.88560      1.02965      0.96253 
33  H(1)      -0.00030     -1.32615     -0.47320     -0.44236 
34  C(13)     -0.00268     -3.01447     -1.07564     -1.00552 
35  H(1)       0.00048      2.16000      0.77074      0.72050 
36  C(13)      0.00255      2.86267      1.02147      0.95488 
37  H(1)      -0.00030     -1.32609     -0.47318     -0.44234 
38  C(13)     -0.00321     -3.60613     -1.28676     -1.20288 
39  H(1)       0.00052      2.31872      0.82738      0.77344 
40  C(13)     -0.00137     -1.54139     -0.55001     -0.51415 
41  C(13)      0.00131      1.47603      0.52668      0.49235 
42  H(1)      -0.00009     -0.41544     -0.14824     -0.13858 
43  C(13)     -0.00040     -0.44971     -0.16047     -0.15001 
44  H(1)       0.00005      0.22769      0.08124      0.07595 
45  C(13)      0.00039      0.44369      0.15832      0.14800 
46  H(1)      -0.00009     -0.42212     -0.15062     -0.14080 
47  C(13)     -0.00021     -0.23329     -0.08324     -0.07782 
48  H(1)       0.00004      0.20099      0.07172      0.06704 
49  C(13)      0.00034      0.38681      0.13802      0.12903 
50  H(1)      -0.00003     -0.12960     -0.04624     -0.04323 
235 
 
Table A6.4. PBE1PBE/EPR-III (TZVP for Ge) isotropic hyperfine coupling constants of 
6.9•‒ at the PBE1PBE/6-311+G* geometry. 
--------------------------------------------------------------- 
              Isotropic Fermi contact couplings in various units 
              -------------------------------------------------- 
 Atom            a.u.      MegaHertz      Gauss       10-4 cm-1 
 --------------------------------------------------------------- 
 1  Ge(73)    -0.04052      6.33680      2.26113      2.11373 
 2  O(17)      0.00046     -0.27611     -0.09852     -0.09210 
 3  O(17)      0.00041     -0.25081     -0.08949     -0.08366 
 4  N(14)      0.02518      8.13508      2.90280      2.71357 
 5  N(14)      0.03764     12.16087      4.33930      4.05643 
 6  N(14)      0.02552      8.24702      2.94274      2.75091 
 7  N(14)      0.03685     11.90790      4.24903      3.97205 
 8  C(13)     -0.02389    -26.85985     -9.58426     -8.95948 
 9  C(13)     -0.01212    -13.62930     -4.86327     -4.54625 
10  C(13)      0.00481      5.40849      1.92989      1.80408 
11  C(13)     -0.00454     -5.10544     -1.82175     -1.70299 
12  H(1)       0.00031      1.36915      0.48855      0.45670 
13  C(13)      0.00576      6.47075      2.30893      2.15841 
14  H(1)      -0.00131     -5.84792     -2.08668     -1.95066 
15  C(13)     -0.00572     -6.42587     -2.29291     -2.14344 
16  H(1)       0.00046      2.03615      0.72655      0.67919 
17  C(13)      0.00643      7.22606      2.57844      2.41035 
18  H(1)      -0.00138     -6.15976     -2.19796     -2.05468 
19  C(13)     -0.01180    -13.27091     -4.73539     -4.42670 
20  C(13)      0.00461      5.18262      1.84929      1.72874 
21  C(13)     -0.00461     -5.18645     -1.85065     -1.73001 
22  H(1)       0.00030      1.36013      0.48533      0.45369 
23  C(13)      0.00575      6.46109      2.30548      2.15519 
24  H(1)      -0.00130     -5.82052     -2.07691     -1.94152 
25  C(13)     -0.00570     -6.40659     -2.28603     -2.13701 
26  H(1)       0.00046      2.05116      0.73191      0.68419 
27  C(13)      0.00626      7.04119      2.51247      2.34869 
28  H(1)      -0.00137     -6.12966     -2.18721     -2.04463 
29  C(13)      0.00421      4.73086      1.68809      1.57804 
30  C(13)     -0.00302     -3.39320     -1.21078     -1.13185 
31  H(1)       0.00053      2.37811      0.84857      0.79325 
32  C(13)      0.00261      2.93588      1.04759      0.97930 
33  H(1)      -0.00030     -1.32400     -0.47243     -0.44164 
34  C(13)     -0.00270     -3.03072     -1.08144     -1.01094 
35  H(1)       0.00049      2.17996      0.77786      0.72716 
36  C(13)      0.00259      2.91247      1.03924      0.97149 
37  H(1)      -0.00030     -1.32193     -0.47170     -0.44095 
38  C(13)     -0.00306     -3.43711     -1.22645     -1.14650 
39  H(1)       0.00053      2.35541      0.84047      0.78568 
40  C(13)     -0.00081     -0.90941     -0.32450     -0.30335 
41  C(13)      0.00078      0.87820      0.31336      0.29294 
42  H(1)      -0.00006     -0.25088     -0.08952     -0.08368 
43  C(13)     -0.00022     -0.24812     -0.08853     -0.08276 
44  H(1)       0.00002      0.10326      0.03684      0.03444 
45  C(13)      0.00022      0.24954      0.08904      0.08324 
46  H(1)      -0.00005     -0.24128     -0.08609     -0.08048 
47  C(13)     -0.00002     -0.01836     -0.00655     -0.00612 
48  H(1)       0.00002      0.08541      0.03048      0.02849 
49  C(13)      0.00042      0.47371      0.16903      0.15801 
50  H(1)      -0.00001     -0.03980     -0.01420     -0.01328 
236 
 
Optimized PBE1PBE/6-311+G* ground-state geometries of 
solvated compounds 6.8‒6.10 and radicals 6.8•‒ and 6.9•‒.  
Compound 6.8 (E = Si) 
0,1 
Si   -1.353818    0.173186   -0.029657 
O    -2.348209    1.490278   -0.563479 
O    -2.661008   -0.906848   -0.401324 
N     0.108426    1.263756   -0.565997 
N     1.376942    1.016962   -0.554779 
N    -0.224150   -1.246993   -0.580935 
N     1.063928   -1.331969   -0.568601 
C     1.805954   -0.236504   -0.394970 
C    -0.312607    2.523844   -0.977026 
C    -1.712106    2.602895   -0.944018 
C    -2.350257    3.776025   -1.327940 
H    -3.433114    3.833918   -1.308144 
C    -1.569304    4.854672   -1.725591 
H    -2.055303    5.779941   -2.018807 
C    -0.172040    4.771130   -1.758232 
H     0.412123    5.628433   -2.075349 
C     0.469847    3.599050   -1.390976 
H     1.549787    3.507641   -1.415458 
C    -0.951514   -2.368765   -0.967830 
C    -2.325713   -2.126216   -0.835036 
C    -3.240606   -3.116378   -1.170924 
H    -4.303989   -2.926422   -1.073388 
C    -2.756688   -4.338543   -1.623490 
H    -3.461105   -5.122833   -1.882315 
C    -1.383542   -4.576550   -1.754531 
H    -1.034555   -5.539237   -2.112583 
C    -0.466488   -3.588036   -1.432861 
H     0.601556   -3.746011   -1.530700 
C     3.259501   -0.431583   -0.207649 
C     4.113007    0.668465   -0.076508 
H     3.702164    1.670961   -0.120141 
C     5.477311    0.483991    0.107638 
H     6.125906    1.349180    0.206416 
C     6.011572   -0.799511    0.169573 
H     7.077780   -0.942131    0.316205 
C     5.166614   -1.898710    0.049011 
H     5.571406   -2.904877    0.101390 
C     3.801792   -1.718630   -0.135484 
H     3.148030   -2.578891   -0.225400 
C    -1.242419    0.202164    1.831720 
C    -2.115211   -0.586561    2.595735 
H    -2.854449   -1.207829    2.098880 
C    -2.055785   -0.583500    3.984780 
H    -2.741926   -1.201269    4.556636 
C    -1.120381    0.211074    4.640509 
237 
 
H    -1.072812    0.214229    5.725457 
C    -0.247046    1.001992    3.901641 
H     0.484271    1.625370    4.407460 
C    -0.308506    0.995817    2.511831 
H     0.383096    1.625694    1.959412 
 
Radical 6.8•‒ (E = Si) 
-1,2 
Si   -1.284920    0.130484   -0.266278 
O    -2.277836    1.421220   -0.920289 
O    -2.559148   -0.968385   -0.768735 
N     0.147660    1.258179   -0.591052 
N     1.459635    1.047141   -0.427810 
N    -0.131532   -1.275855   -0.589268 
N     1.195789   -1.344200   -0.434007 
C     1.878101   -0.210465   -0.295755 
C    -0.248637    2.537573   -0.935043 
C    -1.644110    2.589227   -1.108192 
C    -2.263082    3.771893   -1.476376 
H    -3.340025    3.796457   -1.612910 
C    -1.479452    4.915184   -1.663924 
H    -1.956946    5.849045   -1.945741 
C    -0.097943    4.864149   -1.494175 
H     0.498822    5.759078   -1.645023 
C     0.531633    3.672089   -1.133337 
H     1.607099    3.616121   -1.006389 
C    -0.789905   -2.456468   -0.884790 
C    -2.176239   -2.237569   -0.975611 
C    -3.033467   -3.280308   -1.284650 
H    -4.101124   -3.096354   -1.358602 
C    -2.498246   -4.555774   -1.493503 
H    -3.163293   -5.381250   -1.729794 
C    -1.125541   -4.772933   -1.402752 
H    -0.723286   -5.768163   -1.568223 
C    -0.257144   -3.722725   -1.101467 
H     0.814411   -3.874714   -1.033463 
C     3.334782   -0.373817   -0.040766 
C     4.171008    0.740224    0.095162 
H     3.740966    1.731627    0.011427 
C     5.531627    0.585794    0.333243 
H     6.160669    1.465911    0.434079 
C     6.088577   -0.685049    0.443948 
H     7.151665   -0.805172    0.631032 
C     5.265144   -1.800030    0.314888 
H     5.684306   -2.798638    0.401638 
C     3.904589   -1.646858    0.076599 
H     3.265583   -2.516994   -0.021071 
C    -1.495744    0.213978    1.606014 
C    -2.538828   -0.469335    2.247912 
238 
 
H    -3.239521   -1.050909    1.655355 
C    -2.700323   -0.415508    3.629185 
H    -3.518742   -0.953322    4.100422 
C    -1.815284    0.325783    4.406588 
H    -1.938360    0.368969    5.485222 
C    -0.771533    1.010778    3.792654 
H    -0.075495    1.592017    4.391538 
C    -0.617753    0.953896    2.409989 
H     0.203776    1.497611    1.950497 
 
Compound 6.9 (E = Ge) 
0,1 
Ge   -1.275414    0.125115    0.018719 
O    -2.311874    1.499644   -0.690446 
O    -2.587562   -1.093515   -0.492813 
N     0.238845    1.282171   -0.537931 
N     1.504919    1.035699   -0.505970 
N    -0.033961   -1.320143   -0.525560 
N     1.253882   -1.334609   -0.492607 
C     1.951434   -0.208783   -0.306317 
C    -0.207368    2.494712   -1.045313 
C    -1.614395    2.559575   -1.101791 
C    -2.221884    3.705927   -1.611182 
H    -3.304389    3.754101   -1.663032 
C    -1.428718    4.763600   -2.033178 
H    -1.903519    5.660805   -2.418023 
C    -0.031610    4.692480   -1.973894 
H     0.568783    5.530486   -2.311657 
C     0.586219    3.552952   -1.488549 
H     1.666063    3.467464   -1.441451 
C    -0.718218   -2.439034   -0.980190 
C    -2.115457   -2.259493   -0.937296 
C    -2.946712   -3.287784   -1.377392 
H    -4.022304   -3.148619   -1.352670 
C    -2.379752   -4.470566   -1.831397 
H    -3.028469   -5.274583   -2.164928 
C    -0.990843   -4.642914   -1.869517 
H    -0.569766   -5.574945   -2.231163 
C    -0.152659   -3.623594   -1.451960 
H     0.926347   -3.726470   -1.479515 
C     3.404625   -0.361805   -0.076223 
C     4.225256    0.762309    0.063607 
H     3.789122    1.752707   -0.004356 
C     5.588665    0.617675    0.286168 
H     6.210536    1.501694    0.390474 
C     6.156040   -0.649601    0.379826 
H     7.221393   -0.761060    0.556654 
C     5.344052   -1.772660    0.252526 
H     5.773872   -2.766815    0.329914 
239 
 
C     3.980301   -1.632246    0.029673 
H     3.352839   -2.511357   -0.065172 
C    -1.318662    0.202966    1.946205 
C    -2.205092   -0.615768    2.652010 
H    -2.866926   -1.290619    2.117601 
C    -2.248488   -0.566310    4.041207 
H    -2.940581   -1.203978    4.582708 
C    -1.407821    0.299121    4.734565 
H    -1.442353    0.336353    5.819185 
C    -0.523583    1.117415    4.038894 
H     0.132702    1.793728    4.577946 
C    -0.478165    1.070125    2.649294 
H     0.216602    1.716765    2.120366 
 
Radical 6.9•‒ (E = Ge) 
-1,2 
Ge   -1.212290    0.112440   -0.179737 
O    -2.228448    1.490760   -0.962926 
O    -2.514498   -1.096994   -0.801686 
N     0.279001    1.290177   -0.536525 
N     1.582822    1.054816   -0.367008 
N     0.013100   -1.335433   -0.537615 
N     1.337536   -1.356407   -0.374438 
C     1.996551   -0.206321   -0.223053 
C    -0.122244    2.539357   -0.963786 
C    -1.518620    2.605876   -1.184625 
C    -2.085905    3.787894   -1.640843 
H    -3.157241    3.827249   -1.814743 
C    -1.275652    4.903436   -1.868232 
H    -1.725741    5.827681   -2.218853 
C     0.098318    4.834179   -1.652611 
H     0.722205    5.704331   -1.835351 
C     0.682801    3.650388   -1.204780 
H     1.752555    3.574373   -1.042870 
C    -0.629549   -2.500843   -0.902790 
C    -2.026504   -2.322815   -1.039625 
C    -2.821140   -3.393448   -1.425744 
H    -3.891485   -3.244753   -1.535290 
C    -2.236423   -4.640114   -1.664401 
H    -2.863467   -5.476256   -1.960063 
C    -0.861648   -4.813051   -1.526817 
H    -0.413909   -5.784514   -1.715296 
C    -0.050588   -3.743306   -1.150867 
H     1.022903   -3.857614   -1.046758 
C     3.451377   -0.356239    0.057629 
C     4.277114    0.765345    0.200850 
H     3.840778    1.752659    0.102777 
C     5.634623    0.624118    0.463459 
H     6.253992    1.510547    0.569347 
240 
 
C     6.200819   -0.640890    0.592805 
H     7.261301   -0.750617    0.800017 
C     5.388771   -1.763304    0.456595 
H     5.814278   -2.757934    0.557562 
C     4.031309   -1.623296    0.193591 
H     3.402155   -2.499907    0.090645 
C    -1.534782    0.212164    1.737848 
C    -2.579998   -0.507157    2.325067 
H    -3.223867   -1.124047    1.704734 
C    -2.805239   -0.438356    3.696768 
H    -3.622307   -1.000619    4.140147 
C    -1.984311    0.348330    4.499679 
H    -2.158830    0.401118    5.570523 
C    -0.939365    1.066978    3.926973 
H    -0.295776    1.681920    4.549698 
C    -0.717790    0.999345    2.554220 
H     0.100537    1.566452    2.117504 
 
Compound 6.10 (E = Sn) 
0,1 
Sn   -1.285110    0.119049   -0.048634 
O    -2.153938    1.652488   -1.009655 
O    -2.450694   -1.299483   -0.855989 
N     0.429550    1.314077   -0.525623 
N     1.683518    1.049495   -0.371796 
N     0.180059   -1.370336   -0.530369 
N     1.460007   -1.338885   -0.378007 
C     2.110783   -0.195140   -0.124204 
C     0.062243    2.525579   -1.106835 
C    -1.327937    2.646850   -1.345826 
C    -1.804592    3.807698   -1.957128 
H    -2.869015    3.896733   -2.147958 
C    -0.923122    4.821296   -2.301891 
H    -1.307608    5.723840   -2.766993 
C     0.449445    4.695187   -2.061090 
H     1.127096    5.495601   -2.338880 
C     0.944289    3.544538   -1.473656 
H     2.004717    3.414988   -1.288325 
C    -0.406866   -2.507701   -1.078444 
C    -1.810929   -2.411427   -1.231044 
C    -2.500381   -3.487045   -1.792579 
H    -3.575526   -3.409750   -1.916813 
C    -1.811105   -4.628906   -2.172878 
H    -2.359871   -5.462634   -2.600026 
C    -0.423475   -4.718375   -2.016900 
H     0.102111   -5.616974   -2.322350 
C     0.280325   -3.656379   -1.478052 
H     1.357118   -3.694035   -1.356492 
C     3.537753   -0.331709    0.247799 
241 
 
C     4.354694    0.796318    0.381175 
H     3.937063    1.780401    0.200871 
C     5.690367    0.663853    0.738385 
H     6.308969    1.551263    0.833776 
C     6.234717   -0.594773    0.976183 
H     7.278110   -0.696346    1.258581 
C     5.426136   -1.720987    0.856901 
H     5.836168   -2.708331    1.047336 
C     4.089944   -1.592266    0.499589 
H     3.464749   -2.473948    0.413473 
C    -1.668354    0.196324    2.020988 
C    -2.557897   -0.714497    2.598242 
H    -3.056892   -1.462119    1.987825 
C    -2.815766   -0.668990    3.964726 
H    -3.508974   -1.378148    4.406692 
C    -2.186844    0.282800    4.761044 
H    -2.388640    0.316585    5.827337 
C    -1.299608    1.191587    4.192991 
H    -0.807909    1.934696    4.813264 
C    -1.039985    1.150022    2.826769 
H    -0.344061    1.868073    2.400486 
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